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ABSTRACT
A new configuration of plasma bipolar junction transistor (PBJT) based on
an epitaxial wafer has been designed and fabricated. Its electrical properties
and the collector plasma densities are characterized using electrical and op-
tical methods. Using this device as a platform, coupling of the electron-ion
plasma (gas phase plasma) and the electron-hole plasma (semiconductor) in
terms of secondary electron ejection into the gas phase was investigated ex-
perimentally and theoretically. Ion-assisted electronic reactions occur at the
plasma/semiconductor interface and their overall contribution to regulating
the coupling effect was formulated and evaluated. This work demonstrated
that the electrical properties of a semiconductor surface can be controlled
via means of a pn junction, whether interfaced with another solid state (to
form a bipolar junction transistor) or a gas (to form a plasma bipolar junc-
tion transistor). This control ability is manifest in the resultant transistor
domain as variable current small signal gain. The plasma and semiconductor
interface can be further engineered to alter the electrical properties and thus
change the resultant transistor behavior. A PBJT with a black silicon in-
terface was designed and characterized. The application of the black silicon
PBJT as a burst mode digital transistor was demonstrated experimentally.
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CHAPTER 1
INTRODUCTION
1.1 Contributions of Plasma to Electronics in the 20th
Century
In the 20th century, gas phase plasma powered a variety of electronic and
photonic devices such as voltage regulators, oscillators, modulators and front
panel indicators, devices that provided the building blocks for RF communi-
cations and audio systems [1]. Although these venerable devices were gradu-
ally displaced in the 1960s and 70s by their solid state counterparts, plasma-
based electronic switches and detectors, including thyratrons and sensors for
microwaves, beta particles and gamma rays [2], continue to impact specific
technological subfields.
Prior to the advent of solid state devices, the correspondence between the
properties of semiconductor and gas phase plasmas was not only noted but
inspired the early pioneers who invented solid state electronics [3, 4, 5]. The
similarities of physical aspects of those two media are widely discussed [6].
Practical applications such as oscillators and amplifiers were proposed, how-
ever, they were mostly realized in pure solid state configurations later. In
analyzing their transistor, Bardeen and Brattain [7] drew repeatedly on the
kinetic theory of gas phase plasma when addressing transistor parameters
such as the saturation hole current and electrical conductivity. Later, Shock-
ley [8] noted that the germanium filaments in the germanium transistor “play
the same role as do the tubes in vacuum and gas discharge electronics”. Over
the past 60 years, however, with the booming of the integrated circuit (IC)
industry, the study of gas phase plasma and semiconductors, and their ap-
plication to optoelectronic devices, have generally followed divergent paths.
The invention of microplasma devices in late 1990s, which takes advantage
of the maturity of microfabrication technology, has nurtured the revival of
1
Figure 1.1: (Left) SEM picture of a single inverted pyramid microplasma
having a 50×50 µm2 aperture; (Right) arrays of microplasma operated in
700 Torr Ne.
plasma based optoelectronics. To date, a 5 µm feature plasma device based
on silicon and operating in noble gases has been demonstrated. Tens of µm
feature microplasma devices based on a variety of materials are routinely
produced in lab environment in a fairly cost-efficient way. The spatially
confined plasma devices using a semiconductor as an enclosure practically
enable the direct interfacing between those two media. Figure 1.1 (left)
shows a single pixel of an inverted pyramid structure made of silicon that
houses the plasma; arrays of microplasmas generated in these structures with
700 Torr Ne gas are presented on the right [9].
The downsizing and planarization of the plasma devices effectively reduce
the plasma volume down to picoliters. The plasma has to be operated at close
to atmospheric pressure, resulting in an increase of the plasma density and
plasma frequency as high as 1016 cm−3 and THz, respectively. As Table 2.1
will show, the parameter space of a microplasma overlaps with that of solid-
state. This implies that the effect of the coupling of the two media is more
possible when a microplasma is used rather than a larger plasma.
For the IC industry to keep following Moore’s law, the scaling limitation
stems from the requirements of ever-reducing feature size. Alternative ap-
proaches such as exploring new materials, configurations and architectures
are expected to be exhausted soon. In 2010, air gaps were introduced as part
of the low-k dielectric stack in the interconnect of the 25 nm multilevel 64
Gbit NAND flash that was developed jointly by Intel and Micron [10]. This
was the first record of gas phase material being introduced in modern elec-
tronics. Despite the wide use of plasma processing for etching and deposition
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in the semiconductor industry where plasma plays a passive role, integrat-
ing plasma into devices as an active component has not occurred previously.
The demonstration of the plasma bipolar junction transistor (PBJT) has suc-
cessfully integrated an electron-ion plasma–the fourth state of matter—into
solid state electronics. The novelty of this hybrid device is that it couples two
genres of plasmas: the electron-hole plasma (EHP) and electron-ion plasma
(EIP), which are the two types of plasmas that exist in solid state and gas
phase, respectively. It is the physics of this new type of hybrid plasma device
to which this dissertation is devoted.
1.2 Overview of the PBJT
The PBJT resembles the regular bipolar junction transistor (BJT) in struc-
ture except that the collector is replaced by a light-emitting, gas phase
plasma. It is a part of the family of plasma/semiconductor hybrid de-
vices. The physics underlying the demonstration of these hybrid devices
is that a strong electric field, provided by the plasma sheath, is of suffi-
cient magnitude to alter the band structure of the semiconductor near the
solid/plasma interface. The doorway to the new physics was first opened
in 2004 when a photodetector based upon microplasmas confined in Si cav-
ities, was prepared [11]. The intensified sensitivity peak at 3.5 A/W in the
near-infrared and visible suggests that the photoresponse is determined by
the semiconductor and, indeed, band bending at the surface is strength-
ened by the presence of the microplasma’s sheath electric field. Later, a
hybrid plasma/semiconductor transistor with an external electron emitter
was demonstrated [12] by placing a metal/insulator/metal (MIM) electron
emitter in the vicinity of the plasma sheath. The injection of electrons from
the MIM emitter into the plasma sheath culminates in avalanche ionization
in the plasma. The external electron emitter control terminal serves as the
base of the transistor.
Because of the controllable interface it provides between electron-hole
and electron-ion plasmas, the PBJT is the most important step forward to
date [13]. The PBJT’s structure can be viewed as a glow discharge with a pn
junction as the cathode or as a bipolar junction transistor with its collector
being replaced by a gas discharge. A major improvement from the previous
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generation, the p-type semiconductor layer plays dual roles as the discharge
cathode and the base for the transistor, resulting in the establishment of a
high voltage sheath and an intensified electric field at, and immediately be-
neath, the solid/plasma interface which enhances the coupling of solid and
gas phase plasma. As a novel optoelectronic device, the PBJT provides func-
tionalities such as electrical modulation and switching. Its collector radiative
output can be modulated and extinguished with an emitter-base reverse bias
<1 V. By manipulating the pn junction as the discharge cathode, the de-
vice provides full control of the electron density and light intensity of the
plasma. As a light-emitting phototransistor, the PBJT provides more op-
tions for emitting radiation wavelengths ranging from the UV to near-IR,
depending on the gas type and not the solid state material. The same device
can be operated at a different wavelengths simply by introducing another gas
or gas/vapor mixture.
From an excess of minority carriers in the base when the emitter-base junc-
tion is forward-biased to producing a base essentially devoid of free electrons
when the junction is under reverse bias, the structure of the PBJT allows
for the plasma/semiconductor interface to be examined in the presence of
a continuous range of electron densities immediately beneath the surface
of the base. Further study reveals that this “active” cathode configuration
renders several inherent parameters for the BJT to become tunable in the
PBJT. From the discharge point of view, the pn junction cathode possesses a
tunable secondary emission coefficient which is dependent upon the cathode
material and, particularly, its bandgap in the case of semiconductors. From
the transistor point of view, the ability to control electron transport at the
interface gives rise to a variable current gain which is a critical property for
a solid state transistor.
Based on these unique properties, the PBJT has the potential to fulfill
niche applications in many areas. It can be modified as a high power photo-
transistor. During amplification, the majority of the power in a conventional
transistor is deposited at the collector, resulting in device breakdown. With
a plasma collector, the PBJT by its nature works in a mode that the collec-
tor is in an avalanche state which can easily withstand hundreds of volts and
essentially has no “breakdown” voltage. The robustness of the device pivots
on the pn junction cathode. Other than utilizing a more robust material
such as SiC, thermal heating of the solid state portion of the device can be
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further alleviated by circulating gas in the collector for cooling purposes.
The control afforded by the PBJT can be implemented in numerous appli-
cations where a discharge that can be modulated with a low voltage, third
terminal is desirable. One obvious application is for driving circuits of plasma
display panels. Arrays of PBJTs with integrated anodes would lower the con-
trol voltage down to the TTL level, thereby yielding significant improvement
in power efficiency.
Surface engineering of the plasma/semiconductor interface opens a whole
new chapter for applications. The base surface structure can be altered to
affect the transistor performance. Material can be applied to the surface for
controllable treatment. One example of this type of application is demon-
strated in this work by producing black silicon on the interface.
Because of the fact that the electron mobility is orders of magnitude larger
in a gas phase plasma than in the solid state, another proposed application is
to implement PBJT in fast-switching circuits. Realizing this goal is remote
at this stage of development due to the technical challenges associated with
reducing the device size to 1 µm and beyond.
1.3 Scope of the Dissertation
Two configurations of the PBJT have been demonstrated thus far. The first
demonstration was based on a silicon-on-insulator (SOI) wafer [14]. How-
ever, no thorough explanations have been provided in terms of the physical
mechanism responsible for the operation of the PBJT. The goal of this work
is to analyze the device physics, identify its performance characteristics, and
investigate the feasibility of several applications. To facilitate these inves-
tigations, a new configuration of the PBJT, based on an epitaxial silicon
wafer, is introduced. Using this device as a platform that is readily ac-
cessible from an optical perspective, experimental probing accompanied by
computational techniques are implemented to explore the unique merits of
this hybrid phototransistor with a focus on studying electronic interactions
at the plasma/semiconductor interface.
Chapter 2 presents the theoretical background for plasma science and solid
state device physics that will be required for analyzing the PBJT. Chapter 3
describes the design considerations, fabrication procedure, and the electrical
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characterization setup and results for the PBJT examined to date. Chap-
ter 4 introduces data demonstrating the optical observation of plasma sheath
modulation, from which the secondary electron emission coefficient and the
degree of modulation of the plasma density are extracted. Chapter 5 presents
a series of simulations that analyze the interaction of the collector plasma
and semiconductor at the interface prior to and after plasma breakdown. A
family of ion-assisted electronic processes at the interface and their collective
effect on PBJT performance under different bias conditions will be compu-
tationally evaluated. Chapter 6 is devoted to demonstrating the variability
of the base-collector current gain of a PBJT by solving the distribution of
excess electrons in the base. Chapter 7 introduces a derivative of the PBJT
device by engineering black silicon at the interface. The resulting device can
be used as a “burst-mode” digital transistor. This work is summarized in
Chapter 8. Recommendations for future experiments and analysis are also
presented in Chapter 8.
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CHAPTER 2
BACKGROUND
The purpose of this chapter is to give a brief description of the background
regarding plasma science and the physical mechanisms underlying the bipolar
junction transistor in order to demonstrate the potential symbiosis between
the two. The PBJT is the first physical embodiment for coupling electron-
ion plasma (EIP) and electron-hole plasma (EHP), which are two genres of
plasmas that exist in a discharge and the solid state, respectively. The range
of the analogy and the differences existing between the two classes of plasmas
are outlined in the first section, followed by the basics of gas discharge and
plasma sheath theory that serve to characterize the device in the following
chapters.
2.1 Electron-Ion Plasma and Electron-Hole Plasma
In a general sense, a number of charged particles having sufficiently high
density may be defined as plasma, no matter if they move through a gas,
liquid or solid. The “plasma” concept was first coined in 1929 by Tonks
and Langmuir [15]. They described the oscillations of a gas consisting of
electrons and ions, which was called a “plasma” because of the similarity of its
behavior to that of a plasma jelly. What inherently distinguishes the plasma
from just a collection of charges is that there is a correlation between the
locations of the charges inside the containment volume. When a perturbation
is introduced, the correlation between the particles leads to a screening of
the potential due to the charge deviations over rather short distances. This
characteristic distance is known as the Debye length, λD. For non-degenerate
or classical plasmas, to describe the shielding power of a plasma towards
fluctuations, the Debye length is defined by λD=
√
0qBTe/(q2n0), where Te
is the electron temperature [16].
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Figure 2.1: Comparison of a pn junction and a plasma sheath.
Plasma interacts with a wall across a positively charged thin layer known
as the sheath which is illustrated by the right half of Figure 2.1. Formation
of the positively charged sheath is due to the fact that the electron mobility
is about a thousand times greater than that of the ions. The flux continuity
at the wall demands that the number density of the ions exceeds the electron
density near the wall, resulting in a typical potential profile that falls sharply
near the wall and a strong electric field directed into the boundary. The width
of the plasma sheath is typically several Debye lengths for a floating wall [17].
Aside from both exhibiting collective behavior as plasma media, EIP and
EHP share several characteristics, particularly in three aspects. They are
composed of oppositely charged particles—electrons and ions or electrons
and holes. The governing equations to describe the transport of the charged
particles—drift and diffusion—specifically, are inherently identical. The anal-
ogy can also be extended to the interface. To elaborate, the two media
interface problem will be discussed with respect to three progressive circum-
stances. The first circumstance is the semiconductor in vacuum—the surface
state and the compensating bandbending resemble the potential fall of a
8
plasma sheath. The second circumstance is the semiconductor interfacing
with another polarity of semiconductor, more specifically, the pn junction.
The third circumstance is the semiconductor serving as the wall for a gas
phase plasma, as implemented in a PBJT device.
Semiconductors in vacuum naturally exhibit surface band bending. The
formation of the band bending is because the electronic surface states in the
gap of a semiconductor may trap or lose electrons. The localized charge
in the surface states is neutralized by a macroscopic space charge layer of
the opposite sign, which is caused by the accumulation or depletion of bulk
carriers. The potential associated with the space charge for accumulation
gives rise to a downward band bending at the p-doped semiconductor surface.
The pinning position of the Fermi level measured for the p-type Si (100)
surface is ∼0.32 V above the valence band edge at the surface [18]. For the
particular p-type doping level used in the PBJT base region, this means a
downward band bending of 0.13 V at surface. The thickness of this transition
layer can also be characterized by a solid state Debye length, which is defined
as
LD =
√
0kBT
q2(nb + pb)
(2.1)
where nb and pb are the bulk electron and hole concentrations and q is the
elementary charge. The intrinsic Debye length for Si is 2.9×10−3 cm and
that for Ge at 300 K is 7×10−5 cm. For small bending (< kBT ), the surface
barrier decays exponentially with LD [19].
Figure 2.1 illustrates the charge distribution and the variation of the elec-
trostatic potential for a pn junction (left) and a plasma near an electrode
(right). The significant analogies between the plasma sheath and the n-type
depletion region of a pn junction, such as the net positive charge near the
interface and the potential fall towards the interface, make the gas phase
plasma equivalent to an n-type semiconductor when interfacing with a p-
type semiconductor to form a hybrid collector-base junction, as in a PBJT
device.
The differences between an EIP and an EHP are evident in two aspects:
the magnitude of the characteristic parameters and the physical behavior of
the carriers. The essential difference between an EHP and an EIP is that
the EHP has an immobile periodic host lattice, which gives rise to an energy
band gap structure for its carriers. In an EIP, all charged particles are capa-
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ble of playing an equal part in carrier transport while in EHP only a fraction
of the electrons or holes at the Fermi surface are responsible for transport
phenomena. Scattering by the solid lattice dominates the plasma properties
of an EHP and a wave mechanical description is necessary. Consequently, an
EHP has little freedom to change its volume while an EIP is more compress-
ible. Table 2.1 presents typical values of the parameters for gas and solid
state plasmas. From Table 2.1, it is evident that a large difference between
the masses of the two charge carriers only exists in an EIP. In an EHP, the
carrier mass is regarded as anisotropic if the host lattice is so. This intro-
duces the concept of anisotropic and varying effective masses which have no
equivalent in a gas plasma. For example, in silicon, the longitudinal electron
mass is 0.98 m0 and the transverse electron mass is 0.19 m0, where m0 =
9.11×10−31 kg is the free electron rest mass.
Table 2.1: Typical parameter values for a gas discharge plasma and a solid
state plasma (adapted and rearranged from [6])
Parameter Gas Phase Plasma Solid State Plasma
Mass of
negative carrier me (electron mass) 10
−2 − 1 me
Mass of
positive carrier 103 − 105 me 10−2 − 1 me
Plasma density 109 − 1018 cm−3 1016 − 1023 cm−3
Debye length 10−4 − 102 m 10−8 − 10−3 m
103 − 1013 Hz 1011 − 1015 Hz
Plasma frequency (microwave–IR) (visible–UV)
1–10 eV (electrons) both close to
Plasma temperature ∼room temperature (ions) lattice temperature
Dielectric constant essentially 1 1–102
Average time interval
between collisions 1− 10−10 s 10−10 − 10−14 s
Table 2.1 also shows that solid state plasmas have much higher plasma
densities, plasma frequencies and dielectric constants but a much lower elec-
tron temperature than their gaseous counterpart. It is important to note
that downsizing the plasma volume will shift the parameter space towards
the solid state plasma, which is believed to be one of the reasons that the
coupling between the two genres of plasmas is viable in microplasma devices.
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It is also interesting to note that EIP produced in a microplasma is non-
equilibrium, which means the temperature of the electrons is much higher
than that of the ions. In contrast, in an EHP, the temperatures of both
carriers are close to the lattice temperature. This characteristic requires
essentially no effort to produce the EHP—a situation very difficult to achieve
in the case of gaseous plasmas. This is possible because the magnitude of
the energies involved in separating charges from the binding atoms is much
smaller in solids than for the free atoms or molecules in gases. For example,
the ionization energy in extrinsic silicon is 13.8 meV for a shallow donor
and 20.5 meV for a shallow acceptor. Temperatures of the order of room
temperature (26 meV) are sufficient to provide the ionization energy.
Both EIP and EHP are subject to ambipolar diffusion. Due to the drastic
difference between the mobility of the electrons and the ions, the ambipolar
diffusion coefficient Da for a normal gaseous plasma at 1 Torr is as large as
7500 cm2/s; while, for its solid state counterpart, for example, Da=17 cm
2/s
for silicon at 300 K with a p-type doping of 7×1015 cm−3 [20], mostly due
to electron-hole scattering, collisions with impurities, and lattice vibrations.
Hence, for transistor application, the plasma transistor has the potential for
higher frequency operation than its solid state version.
It is necessary to point out that the concept of an electron-hole plasma is
also used in non-linear optics to describe an intrinsic semiconductor under
high intensity optical excitation. A strongly-coupled, degenerate plasma is
generated, which is a more strict equivalent to the conventional gas plasma.
However, describing this type of EHP is beyond the scope of this thesis.
Henceforth, in this document, the term EHP is used only to refer to the
electrons and holes generated in an extrinsic semiconductor.
2.2 Corona Discharge and Glow Discharge
2.2.1 Corona Discharge
The corona discharge, as illustrated by Figure 2.2, is a term for a gas dis-
charge that develops in the high field region near a sharp electrode and
spreads out towards the other. The discharge is said to be a positive corona
when the electrode with the strongest curvature serves as the anode for the
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Figure 2.2: Schematics for a corona discharge and a glow discharge
(adapted from [22]).
discharge.
The establishment of a positive corona discharge can be decomposed into
several processes. Firstly, an asymmetric electrode configuration must be
made. This is done by using a point-to-plane configuration in practice, indi-
cating the employment of a point shaped anode and a planar cathode. Field
enhancement near the sharp electrode is required to initiate a discharge. An
avalanche is built up, leaving behind positive space-charge area, because the
electrons travel faster than slow moving ions. This process continues until
the space charge of the slow ions that are left behind cancels the applied
electric field. The length required to build up a complete avalanche is known
as the critical length; at 1 bar, it is on the order of 1 mm [21]. The ionization
front subsequently moves toward the cathode by photoionization and direct
electron impact. The ionization wave that sustains the propagation of the
corona by field enhancement due to finite curvature of its front is referred to
as a streamer.
It has been found that a stability field of 5 kV/cm is sufficient to continue
the propagation of the streamer channel in air [23]. A cathode sheath builds
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up when the avalanche reaches the cathode and then the discharge transitions
to a more stable glow discharge. The transition between these two stages is
determined by the arrival of the primary streamer at the cathode, resulting
in the formation of an active cathode region capable of feeding an increasing
current of electrons into the discharge channel [23]. Another pathway for
discharge development is that the temperature of the streamer channel rises
due to Joule heating if the power supply continues to deliver current, and
then its resistance will drop and the discharge may develop into an arc.
2.2.2 Glow Discharge
Unlike the corona discharge, the glow discharge is a steady-state discharge
that is usually achieved with a plane-to-plane electrode configuration, as
shown in Figure 2.2. The continuous current through the DC sheath provides
power for the discharge. The glow discharge breaks down when the ionization
processes, including the electron impact ionization process (α process) in the
bulk region and the secondary electron emission process at the electrode
surface (γ process), become self-sustaining. Townsend’s plasma breakdown
criterion describes this critical condition [16]:
(γi)[e
Apd exp(−Bpd
Vb
) − 1] = 1. (2.2)
where A and B are constants determined by a particular gas and γse is the
secondary electrode emission coefficient. γse is a parameter inherent to the
cathode material and characterizes the fraction of the plasma current that is
contributed by the electrode. The breakdown voltage Vb can be rearranged
as a function of the product of gas pressure (p) and the distance between two
electrodes (d). The graphic representation of Vb, known as Paschen’s curve, is
presented in Figure 2.3. There is a minimum value of pd, pd = A−1ln(1+γse),
below which breakdown cannot occur.
One characteristic of a DC glow discharge concerns the light and dark re-
gions that are visible between the electrodes, as labeled in Figure 2.2. Among
all the regions, the positive column and the cathode fall are particularly im-
portant in characterizing the discharge.
The plasma in the positive column is quasi-neutral, indicating that ap-
proximately equal numbers of positive and negative charges exist in this
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Figure 2.3: Paschen’s curve for air, H2, N2 and noble gases.
region, and, hence, it is an isopotential region with a weak axial electric
field [17]. Considered as the main body of the glow discharge, the positive
column produces the electron number density that determines the intensity
of a glow discharge. Because a large number of electron-ion pairs are created
by electron impact collisions or photoionization, the positive column region
exhibits the maximum light intensity. The length of the positive column can
be changed by varying the distance between the electrodes at a fixed pressure
and a constant voltage drop, while the other regions maintain their lengths.
The cathode sheath region, also known as the cathode fall or the Crookes
dark space [17], is the region over which most of the voltage drop occurs.
The strong electric field directed into the plasma inhibits the motion of the
electrons from the positive column and accelerates the slow-moving ions.
Therefore, the cathode sheath is an ion-abundant region. Since electrons are
scarce within the sheath to excite the gas, the cathode fall region appears
dark when observed visually. The massive ions, however, are not capable of
carrying the current alone. The discharge is sustained by the secondary elec-
tron emission from the cathode surface under the bombardment of energetic
ions [17]. Defining ni and vi as the ion density and velocity, respectively, the
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total current density near the cathode is given by
J(x = 0) = eni(0)vi(0)(1 + γse) (2.3)
where x=0 denotes the surface of the electrode. This relationship is impor-
tant because it describes current continuity at the plasma/solid-state inter-
face. Knowing the plasma current, carrier flow in the solid state electrode
can be extracted using Equation 2.3.
A normalized cathode fall Vc versus current density J also follows a Paschen-
type curve [22]. It is clear that, with a fixed external voltage source VHV and
a series connected resistor with resistance R, the discharge is stable only if
(VHV −Vc,min)/(RA) > Jmin, where A is the effective cathode area, Vc,min and
J indicate the minimum on the Paschen-type curve [16]. It is this region that
Vc will increase with the current density which is, by definition, the abnor-
mal glow region. Otherwise, the discharge is operated in the normal mode, in
which region the discharge is restabilized by the contraction of the effective
cathode area. Microplasma devices usually operate in the abnormal region.
From the Paschen-like curve of Vc versus J , the normalized minimum of the
cathode fall, which is also the point for the abnormal to normal discharge
transition, is ∼6 [22]. Accordingly, the cathode fall at the transition point
for a neon DC glow discharge is calculated to be ∼110 V when the secondary
electron emission coefficient (γse) for the cathode approaches unity.
2.3 Cathode Sheath Theory for DC Discharge
The cathode sheath is important from an analytic perspective because not
only is it directly related to the external applied voltage which can be ex-
perimentally measured, but also only one component (ions) instead of two
is present in the sheath. This enables the possibility of formulating certain
approximations that lead to the mapping of the ion density alone within the
sheath. Given carrier continuity, the ion density at the bulk plasma/sheath
edge is equal to the plasma density in the positive column. Plasma number
density—one of the most important plasma parameters—can be character-
ized by this approach. In a glow discharge, the cathode fall region has to be
described by high-voltage sheath theory [16], which dictates that the sheath
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voltage (Φ) is large compared to the electron temperature (Te). Given Boltz-
mann’s relation for electrons in thermal equilibrium, the lack of electrons in
the sheath can be explained by ne ∼ nseΦ/Te → 0, where ns is the ion density
at the plasma/sheath edge and Φ < 0. According to the Bohm sheath crite-
rion, the demarcation of the sheath region requires ions that transit through
the sheath edge to possess sonic/supersonic speed, a.k.a. the Bohm velocity
(vB =
√
eTe/M) [16]. For a neon glow discharge, vB is equal to 2184 m/s at
room temperature.
2.3.1 Matrix Sheath
The matrix sheath approximation is the most analytically simple method
among all the high-voltage sheath formulations. It assumes a uniform ion
density (ns) and no electrons within the sheath. According to Poisson’s
equation: 52Φ = −en/0—the fundamental equation to describe the re-
lationship of the electric potential Φ and the charge density—the following
relationships can be deduced: the matrix sheath potential Φ = −ensx2/(20),
the electric field distribution E = ensx/0, and the matrix sheath thickness
s = 20Vcathode/(ens), which is a factor of 10-50 larger than the Debye length.
It should be noted from these equations that the spatial dependence for the
electric field is linear and, of course, for the electric potential, it is parabolic.
One can see the analogy of the matrix sheath to the full-depletion approxi-
mation of a pn junction.
2.3.2 Child Law Sheath
The matrix sheath, although a reasonable estimation, is not self-consistent
because it does not account for the decrease of the ion density as the ions
accelerate across the sheath. A more accurate sheath formation is the Child
law sheath, which assumes a spatially varying ion background within the
sheath [16]. Defining J as the constant ion current within the sheath and M
as the ion mass, the spatially varying ion density distribution n(x) is written
as a function of the potential distribution Φ(x) as follows:
n(x) =
J
e
(
−2eΦ(x)
M
)−1/2
. (2.4)
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Inserting n(x) into Poisson’s equation, J can be solved as a function of the
cathode fall (Vcathode) and the sheath thickness (s):
J =
4
9
0
(
2e
M
)1/2
V
3/2
cathode
s2
. (2.5)
Following the Child law sheath formula, furthermore, the spatial dependence
for the sheath potential is 4/3 order and for the electric field is 1/3 order [16].
Numerically, the Child law sheath can be on the order of 100 Debye lengths
in typical low to medium pressure gas discharges.
A special case for the Child law sheath is when the operating pressure rises
and multiple inelastic collisions take place in the sheath region; hence, the
name—collisional Child law sheath. The criterion for the collisional sheath
is that the mean free path for ion momentum transfer, λi, is less than s,
the sheath thickness. Thus, the energy conservation assumption adopted
to derive the ion density distribution fails. However, the carrier continuity
still holds, given that the ionization within the sheath is negligible. For
the gas pressure at which the microplasma devices are operated, the ion
mobility µi is independent of its velocity. So, the ion density n(x) can be
explicitly expressed as a function of the electric field E(x) by the expression,
n(x) = J/(eµiE(x)). Similar to the calculation for the collisionless Child law
sheath, the collisional Child law sheath is
J =
9
8
0µi
V 2cathode
s3
. (2.6)
This formula will be adapted to account for the microplasma sheath in the
plasma density calculation in Chapter 5. Following the derivation of col-
lisional Child law sheath, Equation 2.3 can be expanded to describe the
collisional matrix sheath as
J = J(0) =
40µiV
2
cathode(1 + γse)
s3
(2.7)
where γse is the secondary electron emission coefficient. This formula will be
useful for extracting γse under different bias conditions in Chapter 5.
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2.4 Bipolar Junction Transistor
The bipolar junction transistor (BJT) was first demonstrated in 1949 by
William Shockley. A BJT is composed of three separately doped regions:
the collector, base and emitter. Two pn junctions are formed back-to-back
at the base-to-emitter and base-to-collector interfaces.
For the amplification mode, also known as the forward-active or normal
mode of a BJT, a positive voltage is applied to the base-emitter junction and
a reverse voltage is applied to the collector-base junction. In this current-
controlled device, the collector current is produced by minority carrier elec-
trons in the base diffusing in the direction of the concentration gradient and
being swept across the collector-base junction. To analyze the large signal
model or DC behavior of the BJT, the figures of merit for an n-p-n BJT are
summarized in Table 2.2. These definitions hold for a PBJT as for a BJT.
Table 2.2: Typical figures of merit for the BJT (adapted from [24]).
Figure of merits Symbol Definition
Ratio of electron current to the
Emitter injection efficiency η total electron and hole current
injected from base to emitter
Fraction of the carriers that injected
Base transport factor αT into base that reaches collector
Ratio of collector current to
Current transfer ratio αF emitter current, αF=αTη
Ratio of collector current to
Current amplification factor β base current, β = αF/(1− αF )
For the purpose of transistor amplification, a large value for β (commer-
cial devices have β values of 50–500) is preferred and this parameter must
be considered in the device design. Ideally, η → 1 is achieved by making
the emitter heavily doped and the base lightly doped. Also, if αT is to → 1,
the base thickness must be small, as shorter base-region widths will lead to
a larger fraction of electrons injected from the emitter being swept into the
collector, rather than recombining with majority carriers within the base re-
gion. Formulation of the large signal model proves that fabrication changes
that cause αT and η to approach unity also maximize the value of β of the
transistor. More importantly, comparing the formulated β to the experi-
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mental data will help improve device design by giving insight into how the
physical parameters of the device, such as dimensions and doping, affect the
carrier transport.
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CHAPTER 3
DEVICE STRUCTURE AND ELECTRICAL
CHARACTERIZATION
A plasma is equivalent to an n-type semiconductor when interfaced with
another semiconductor of the opposite polarity, resulting in an energy band
diagram of a PBJT like that of Figure 3.1. The formation of the hybrid
base-collector (BC) depletion region lies on the plasma sheath near the base
surface. As extensively discussed in Section 2.2, for a DC discharge, the
majority of the applied voltage falls in the cathode sheath region, giving rise
to a strong electric field directed toward the base. The accumulation of ions
in the sheath reinforces the silicon surface band bending, which completes the
hybrid BC junction. The excess electrons, which are electrically promoted
from the emitter, are swept through the base region toward the base surface.
The excess electrons have to overcome a potential barrier imposed at the
interface, with a height that is less than the electron affinity of silicon (4.05
eV). The amount of excess electrons liberated from the solid to the gas phase
and the means by which this is made possible, are the main subjects of
investigation for this dissertation.
3.1 Device Design, Fabrication and Packaging
The fabrication of the npn PBJT is based on a Si (100) epitaxial wafer with a
thin epitaxial layer serving as the base of the transistor. Specifications of the
epitaxial wafer used in processing determine the transistor parameters such
as the base doping and thickness as well as the emitter doping. These values
are determined by leveraging the breakdown voltage and the base depletion
width under the influence of the plasma voltage. Two types of breakdown
mechanisms are taken into account. They are avalanche breakdown and
punch-through breakdown. The former, by its name, implies the onset of
ionization avalanche in the solid state under the influence of a substantially
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Figure 3.1: Energy band diagram of a npn PBJT device.
large electric field; the latter occurs when the base depletion width, which
is also proportional to the interface electric field, exceeds the base thickness.
Simulations [14] indicate that silicon with lower doping has a higher break-
down voltage resulting in a thicker base depletion width and thus requiring
a thicker base width to avoid punch-through [14]. A 10 µm p-type base layer
with doping (Na = 7 × 1015 cm−3) and a substrate with n-type doping of
Nd = 1 × 1019 cm−3 as the PBJT emitter are appropriate choices given the
200-500 V applied plasma voltage.
The solid-state portion of the device is shown in Fig. 3.2.
Figure 3.2: The solid state portion of a PBJT.
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The p-type mesa is defined by etching the epitaxial layer using a KOH
bath, which results in a 54.7◦ slope. A ring shaped metal trace for the base
contact is defined on the perimeter of the circular mesa and follows the mesa
slope to the contact pad. Finally, a passivation silicon nitride layer (1.5 µm)
is deposited to cover all the metal area except for the base and emitter contact
pads to avoid discharge with the anode. Notably, the base is protected under
a silicon nitride layer after mesa formation and is kept buried until being
exposed by buffered oxide etcher (BOE) at the very end of the fabrication
process. By doing this, the base surface is kept pristine, whose quality is
critical for stable discharge operation.
Compared to the device design which is based on a SOI wafer [14], this
design eliminates high-temperature diffusion processes and deep etching pro-
cesses, which drastically reduce fabrication time and risks for malperformance
and contamination. In addition, the position of the solid/plasma interface is
more easily accessible compared to the previous generation, whose base sur-
face was at the bottom of the cavity. The new design provides opportunities
for optical probings and surface engineering that will be described in Chap-
ters 4 and 6. One drawback to this design is that the plasma is not spatially
confined, which leads to substantial expansion of the plasma volume during
modulatory operation. However, this limitation has not hindered successful
testing of these devices.
The fabricated solid state portion has to be integrated with an external
anode to form a complete transistor. Subsequently, the device has to be
vacuum sealed before connecting to an external port of a vacuum system.
The integration of an anode can be realized by way of various configurations.
The trials of the anode configurations and vacuum sealing packaging are
listed in Figure 3.3.
The integrated anode primarily takes two configurations: the point-to-
plane as shown by Series A in Figure 3.3 and plane-to-plane as shown by
Series B-C. The latter is chosen preferentially for its performance and re-
liability which will be discussed in the next section. Hard metals such as
tungsten, molybdenum and platinum make good anode materials, because
they are less susceptible to anode erosion from sputtering, and less prone to
anode oxidation due to production of negative ions (O−2 ) from the residual
background gas. Nickel mesh and aluminum foil, although easy to process,
are not considered as good anode materials because of their short lifetimes.
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Figure 3.3: A list of anode bonding configurations and vacuum seal
packaging.
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For Series A-B, a fluted glass tube that fits the external port of the vac-
uum chamber encapsulates the base area and integrated anode. A miniature
chamber is thus formed around these parts. In Figure 3.3, the contact pads
for emitter and base are intentionally left out for clarity. Two contact probes
mounted on individually controlled passive micromanipulators are utilized
to provide biases for the EB junction. No wire-bonding and subsequent di-
electric isolation are needed for emitter and base contacts. This packaging
method introduces minimal contamination into the miniature chamber.
Series C is designed for optical probing of the plasma. The device is ar-
ranged so that a detector can have an unblocked and undistorted view of
the plasma. The PBJT as a whole, including the base and emitter con-
tacts, is placed afloat in a sealed Pyrex tube. Electrical feedthroughs and
wire-bondings for the base and emitter contacts along with a gas outlet at-
tachment are all required for the glass enclosure, as illustrated in Figure 3.3.
To summarize, configurations B1 and B4 are the most desired combina-
tions of anode bonding and packaging for electrical testing of the PBJT.
Introduction of a glass spacer gives the plasma an extra recombination sur-
face, adversely affecting the transistor performance.
3.2 Experimental Setup for Testing
The PBJTs used in this study were tested in a common-emitter configura-
tion like that shown in Figure 3.4. The values for Rb and Rc are 10 Ω and
720 kΩ, respectively. Due to the low input current, typically less than 1 mA,
the voltage across the 10 Ω base resistor was amplified with an instrumen-
tation amplifier. The voltages at both ends of Rc were measured using x100
Tektronix probes (10 MΩ internal impedance) which were terminated with
the parallel combination of a 1 MΩ resistor and a 1 pF capacitor. Their out-
put was passed into a voltage following op-amp before being recorded using
a National Instruments NI-6211 USB DAQ with a LabVIEW interface.
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Figure 3.4: The electrical data acquisition circuit for the PBJT.
3.3 Basic iC − iB Characteristics
The temporal behavior of the PBJT is shown in Figure 3.5. It is interesting
to note that in spite of the sinusoidal input base signal, the response of the
collector current is step-like. The rise-time and fall-time are different. The
cause of the asymmetric behavior is unknown, but both are suspected to be
related to the rate at which charge stored in the base region is injected or
drained.
The transistor behavior is more easily seen in the form of collector current
vs. base current, as shown in Figure 3.6. As was the case for the PBJT
constructed on a SOI wafer, the device constructed on an epitaxial wafer
also shows hysteresis behavior for the iB-iC characteristics. As the supply
voltage (+HV, as labeled in Figure 3.4) is increased, the amount of base
current required to reach saturation decreases. This is typical behavior for
the PBJT which has previously been attributed to photogenerated current
due to the presence of a light-emitting plasma adjacent to the silicon base
surface [13].
As is shown in Figure 3.7, increasing pressure results in higher small-signal
gain, indicating that smaller devices—requiring higher operating pressures
according to Paschen’s curve (Figure. 2.3)—would exhibit higher small-signal
gain. For pressures in the range of 25-40 Torr (40 Torr being the highest
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Figure 3.5: The temporal waveforms for Vin, iB and iC .
Figure 3.6: The iB − iC characteristics for rising VCC .
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pressure tested), the characteristics of the device operation change relatively
little compared to the changes in the range of 10-25 Torr. The reasons for
this are as yet unknown, though it may suggest that 40 Torr lies in the
vicinity of the pd minimum (see Chapter 2). This, along with a measured
electrode spacing of 1.8 mm, would correspond to a pd product of 7 Torr-
cm–a reasonable value for neon gas (see Figure. 2.3).
Figure 3.7: The collector voltage vs. the base current for varying operating
pressures.
3.4 Impact of Anode Structure
Two discharge configurations have been used in testing the PBJT. An elec-
trical wire has been used as the anode to generate the plasma, known as
a point-to-plane discharge. Alternatively, a planar anode has been used to
generate a plane-to-plane discharge. The point-to-plane discharge has been
used since the invention of PBJT for the purpose of reducing the plasma
breakdown voltage.
As introduced in Section 2.2, the point-to-plane discharge configuration
facilitates the positive corona discharge, in which the strongest electrical field
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is located near the anode. Figure 3.8 shows the gradual establishment of the
stationary cathode region of an abnormal glow discharge. These false color
images depict the collector plasma generated by a point-to-plane discharge.
They were acquired by CCD camera with 2 µs integration time, and they
are arranged sequentially with VCC increasing monotonically from 350 V to
390 V with an increment of 10 V. The camera is mounted at an angle with
respect to the base surface as illustrated in the center, so the illumination
pattern on the base surface that is formed by a streamer touching the cathode
can be observed.
In (a), (b) and (c), the position where the transient streamer touches the
cathode changes, indicating an unstable corona discharge. By increasing
VCC , the corona discharge extracts enough power from the power supply and
transitions to a glow discharge. As a visual indication of this transition, the
largest light intensity converges to the center, directly beneath the pointed
anode as seen in (d). The transistor behavior of the device is observed
only after the establishment of the glow discharge. The strong electric field
imposed on the cathode (base) surface by establishing the glow discharge is
critical for device operation, because it enables electron liberation from the
semiconductor to the plasma.
Figure 3.8: False color images of the plasma intensity for raising VCC .
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Reliability tests have shown that the plane-to-plane discharge is benefi-
cial for prolonging the device lifetime. The main breakdown mechanism
for a PBJT is instantaneous electrical breakdown of the pn junction. Ion
bombardment on the surface not only reduces the effective base width, but
it also assists the formation of pathways for electrons to electrically short
the pn junction. Figure 3.9 presents an SEM image of the base surface on
a PBJT. The device in this figure was photographed after operating in a
point-to-plane configuration for over 2 hours. The inset of Figure 3.9 shows
an enlarged image of one individual hole. The edge and the residual at the
bottom of the hole indicate that Joule heating is responsible for the surface
damage rather than ballistic collisions.
Figure 3.9: SEM photographs of the base surface after operation.
3.5 Effect of External Collector Resistor
An external resistor (Rc) is connected to the plasma collector in series for
the purpose of current limiting. The effect of the collector resistor on the
transistor behavior is multi-faceted. It determines the load line as is the
case for a traditional solid state transistor. In addition, Rc determines the
collector plasma density, which is an intrinsic component of the transistor.
Therefore, the choice of Rc dictates the transistor characteristics as well.
The details for relating plasma density to transistor figures of merit will be
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presented in Chapter 6. As a result, the regular approach to determining a
transistor operating point, which is by finding the graphic intersection of the
load line and the ic-Vce characteristics, does not apply to the PBJT. Varying
Rc might also cause switching between abnormal to normal glow discharge
as discussed in Section 2.2. Contraction of the effective cathode surface will
bring more uncertainty in characterizing the device.
Figure 3.10 (a) shows iC-iB data traces of a 3 mm diameter device with
RC chosen to be 720 kΩ and 120 kΩ. Data are given for VCC varied in
40 V increments from 265 V to 345 V for both collector resistors. A 200
Hz, 4 V peak-to-peak sinusoidal voltage was applied to the base. One of the
transistor figures of merit—the current small signal gain—with RC=120 kΩ is
approximately 3 times larger than the one with RC=720 kΩ. Figure 3.10 (b)
shows that the plasma voltage (VCE) is enhanced by decreasing RC from
720 kΩ to 120 kΩ. A larger swing of iB is produced with Rc=120 kΩ because
of intensified photogenerated electron-holes under the influence of a larger
plasma intensity. This experimental result is consistent with what will be
calculated in Chapter 6: larger plasma density is manifest in the transistor
domain as increased current, small signal gain.
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Figure 3.10: (a) Collector current (iC) - base current (iB) data traces for
external collector resistors equal to 720 kΩ and 120 kΩ, respectively. (b)
Plasma voltage (VCE) - base current (iB) data traces for the two external
collector resistors.
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CHAPTER 4
EXPERIMENTAL RESULTS: OPTICAL
IMAGING OF PLASMA SHEATH AND
SHEATH THICKNESS CALCULATIONS
The results of experiments, in which the spatial and temporal behavior of the
collector sheath is observed by optical imaging, are described in this chapter.
The degree of modulation implies a change in the effective secondary electron
emission coefficient of the cathode surface as large as 360% while changing
the peak collector plasma density by a factor of two.
4.1 Plasma Imaging Setup and Results
As shown in Figure 3.3, the PBJT device is placed in a sealed Pyrex tube
to provide full optical accessibility. The device is arranged with the base
surface perpendicular, and close to, the top window of the enclosure, so that
in addition to the electrical measurements, a gated intensified charge cou-
pled device (ICCD) can be used to image the optical output of the collector
plasma. As presented in Figure 4.1, the ICCD was aligned with a telecentric
lens assembly, such that the viewing axis was parallel to the silicon plasma
interface.
A 100 Hz, 0.7 V (RMS) sinusoidal voltage (Vin graph in the top panel
of Figure 4.2), which drives the base-emitter junction of the PBJT, was
also used to trigger the ICCD camera. The camera was gated to scan the
optical emission profile for 3 periods of Vin. The reason for monitoring three
continuous periods is to validate the repeatability of the modulation from
cycle to cycle. The scan is readily performed by increasing the time delay of
the ICCD camera gate pulse with respect to the initial trigger signal. The
sequential increment of the gating window is 300 µs, while the duration of
each gating window was maintained at 5 µs. Overall, 99 frames are taken
during the three periods of Vin.
Eight representative images of the collector plasma emission, illustrating
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Figure 4.1: The experimental arrangement for optical imaging of the
collector plasma of the PBJT.
the major transitions of the plasma during one period of the waveform Vin,
are shown in Figure 4.2. The positions of the anode and cathode are indicated
in the image at upper left. The time stamp is the delay time of the gating
window with respect to the zero crossing prior to the positive half-cycle of
the input voltage waveform. The corresponding Vin values associated with
each image are illustrated by the blue dots in the top panel of Figure 4.2.
Figure 4.2 shows step-like modulation of the illumination from the plasma.
It appears that the plasma produces a transient maximum intensity around
t = 1.2 ms before settling into relatively stable operation for the time pe-
riod 1.5–4.5 ms, thus illustrating the device behavior during forward-biased
operation. The remaining images illustrate reverse-biased operation, during
which the intensity of the light output quickly decreases and remains low
until the end of the period.
Figure 4.3 presents longitudinal optical emission profiles across the anode
and cathode planes for the forward and reversed biased base-emitter junction.
The electrode separation (2 mm) is sufficiently small to prevent the formation
of a positive column. Only cathode fall and negative glow regions are evident
from the obtained optical emission profile. Not only is the light intensity
reduced by 6 dB as compared to that for forward-bias, but the position of
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Figure 4.2: Input voltage waveform (Vin) for the base of a PBJT (top) and
sequential images of the collector plasma, captured by a gated ICCD
camera over one period of Vin. In obtaining these images, Vin was used as
the trigger signal for the ICCD.
34
Figure 4.3: Emission intensity profiles of the collector plasma for forward
(black curve) and reverse biased (red) base-emitter junctions. The blue
curve is the result of scaling the reverse-bias profile so that its peak value
matches the peak of the forward-bias.
the peak intensity moves away from the cathode, indicating the expansion
of the collector plasma sheath. Light emission throughout the entire region
between the point of maximum intensity and the cathode obscures what
would typically be the demarcation of the sheath region in a plasma. This
makes it difficult to accurately define the boundary between the sheath and
the negative glow, and forces one to define the boundary in terms of a point
where the intensity has dropped to a certain percentage of the maximum
intensity. It is important to note, however, that while that percentage, and
thus the extracted sheath thickness, is arbitrary, the ratio of the extracted
sheath thickness for the forward and reverse bias cases is roughly constant,
and was measured to be 0.62 ± 0.02 [25].
Figure 4.4 shows the temporal data for the base voltage (VBE, red), plasma
collector voltage (VCE, black) and the sheath thickness (s, blue). The sheath
thickness varies over the range of ∼100–175 µm, and is defined as the distance
from the cathode surface to the position where the intensity has fallen to 75%
of the maximum intensity, as obtained from the smoothed optical emission
profile. The step-like response of the sheath to a sinusoidal base input is
indicative of a non-linear, threshold-like behavior and is, in fact, similar to
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Figure 4.4: Extracted plasma sheath thickness (top), the collector voltage
(middle) and VBE (bottom) as a function of time.
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the behavior of the plasma voltage.
4.2 Tunable Secondary Electron Emission of the
Cathode
It is instructive and feasible to calculate the effective secondary electron
emission coefficient (γ) at the cathode surface, given the information readily
presented for the collector voltage (VCE), collector current density (j) and
the cathode sheath thickness (s) in Figure 4.4. The collisional matrix sheath
relation in Equation 2.7 is suitable for the calculation and is rearranged to
be
1 + γ =
1
4ε0µi
js3
V 2CE
(4.1)
where µi is the ion mobility in the sheath region, and γ is the effective
secondary electron emission coefficient. Taking the ratio of the 1 + γ values
derived for the forward and reverse biased cases results in Equation 4.1, one
finds
1 + γF
1 + γR
=
jF
jR
(
VCE,R
VCE,F
)2(
sF
sR
)3 = 1.27± 0.1 (4.2)
where subscripts F and R refer, respectively, to forward-biased and reverse-
biased operation.
The following describes attempts to extract γF/γR from a known value
for (1 + γF )/(1 + γR). The analysis begins with the supposition that γF is
larger than γR. The maximum for γ is limited by the space charge saturation
approximation [26, 27, 28]. Any further increase in the secondary electron
flux into the plasma will be restricted by a potential minimum formed near
the wall surface, having a depth on the order of the electron temperature
(Te). This critical γ for a neon discharge is as large as 0.96 [29], which
is considered a fair estimate for the upper bound of γF , and leads to γR=
0.543 and, thus, γF/γR= 1.76±0.04. On the other hand, assuming only
valence electrons are at the interface, the lower bound of γR is equal to
0.115 [30], which yields γF ∼= 0.415, and therefore γF/γR ∼= 3.62±0.10. The
mathematical representation of Equation 4.2 indicates that the ratio γF/γR
should be in the range of 1.76 ± 0.04 to 3.62 ± 0.10.
By having a pn junction as the discharge cathode, the effective secondary
electron emission coefficient, which is widely regarded as an inherent material
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property, can be modulated electrically by as much as 360%. This type of
control over the plasma density with the application of a single volt is not only
unprecedented but also suggests potential applications ranging from plasma
chemistry and materials processing to lighting and display technologies.
4.3 Plasma Density Modulation
It is believed that the sheath movement observed in Figures 4.2 and 4.3 is
evidence of plasma density modulation in the collector of the PBJT, induced
by varying the base-emitter junction bias. It is the purpose of this section to
estimate the swing in plasma density that can be obtained with only 1 V of
base-emitter junction bias.
We begin by developing a relationship between the electron density, the
plasma voltage, plasma current and the sheath thickness. Collisional Child
law sheath theory as described in Equation 4.3 is one powerful tool that
provides the following relation for the current density j:
j =
9
8
ε0µi
V 2CE
s3
. (4.3)
In addition, if the ionization within the sheath is negligible, carrier continuity
is expressed by
j = en(vB +
ds
dt
) (4.4)
where, as introduced in Section 2.3, vB is the Bohm velocity. The second
term on the right-hand side of Equation 4.4 takes into account the velocity of
the plasma sheath due to the modulation process. The velocity of the moving
sheath presented in Figure 4.5 is obtained experimentally from continuous
imaging with the ICCD camera. The transient velocity at each time point
is calculated by having the sheath position in the current frame subtracted
from its position in the previous frame and then dividing by the time interval
between each frame. From Figure 4.5, the largest sheath velocities occur near
the zero crossing of each half cycle but even the peak values are three orders
of magnitude smaller than the Bohm velocity. Therefore, the second term in
Equation 4.4 is negligible. Another important fact to note from Figure 4.5 is
that the sheath is established at a frequency of ∼2 kHz although the plasma
is being modulated at 100 Hz.
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Figure 4.5: The velocity of plasma sheath movement over three periods of
Vin.
Combining Equation 4.3 and 4.4 yields an expression for the electron den-
sity:
n =
9
8
ε0µiV
2
CE
evBs3
. (4.5)
According to Figure 4.4, the collector voltage (VCE) and the sheath thick-
ness (s) modulates over the ranges 130–210 V and 100–175 µm, respectively.
Furthermore, the electric field immediately adjacent to the cathode is esti-
mated to be ∼2.5×104 V/cm and the corresponding ion mobility (µi) at this
field strength is ∼100 cm2V−1s−1 for a neon plasma [31, 32].
Given the values for VCE, s and µi, the dependence of n on the EB junction
bias voltage Vin, was calculated and the results are presented in Fig. 4.6.
The average value of the plasma density is 2.1 × 1013 cm−3 and the plasma
density for the forward bias base-emitter junction increases by a factor of two
compared to the reverse biased case, both of which are achieved with a 300 V
discharge by applying ∼1 V across the base emitter junction. It is not clear
whether the overshoot of Figure 4.6 is real, and if so, why it might occur.
Possible explanations include a plasma instability and faulty equipment and
data analysis procedures, especially with regard to the definition of the sheath
thickness.
For the model presented above to be valid, two assumptions must be sub-
stantiated. First is the collisional sheath assumption. The experimental
cross section value for Ne+ elastic scattering and charge transfer in its par-
ent gas is ∼ 2 × 1017 cm2 [16] for an applied voltage ranging from 120 to
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Figure 4.6: Electron density of the collector plasma over three periods of
Vin.
200 V, resulting in a mean free path of ∼7 µm for a gas pressure of 25 Torr.
This mean free path value indicates that multiple collisions occur within the
sheath region (100–175 µm). Hence, the collisional sheath assumption is
valid. Secondly, ionization of the Ne atom in the sheath must be negligible
for carrier continuity to be valid. The direct electron impact ionization cross
section for electrons with kinetic energies 20 eV–40 eV is 2 × 1015 cm2 [33],
resulting in an average length for direct impact ionization of ∼700 µm, which
places ionization events beyond the region of the sheath. Hence, the prob-
ability for ionization is low in the sheath. Based on the observation of vis-
ible radiative output throughout the sheath region, the possibility for elec-
tronic excitation—the other pathway for photon production—is significant.
This has yet to be proved experimentally by monitoring excitation spectra.
Metastable Ne atoms, and their participation in resonance neutralization
and Auger deexcitation at the silicon/plasma interface, will be simulated in
Chapter 6.
40
CHAPTER 5
SIMULATION OF THE CATHODE (BASE
SURFACE) SECONDARY ELECTRON
EMISSION
5.1 Fundamentals of Plasma and Semiconductor
Interactions
Among all the interactions between a glow discharge and a solid surface,
the interaction of ions and metastable atoms in the gas phase with the solid
surface, which can cause the ejection of secondary electrons from the solid,
are the most interesting in the PBJT. The influence of electrons in the gas
phase is not considered here because they are relatively rare in the cathode
fall region, as described in Section 2.2.
Generally speaking, secondary electrons can be ejected from a solid into
the gas phase with the assistance of ions under two distinct scenarios. In the
first, an approaching ion deforms the potential barrier of the solid surface,
facilitating electron tunneling. This process is known as potential ejection.
In the other situation, kinetic energy is transferred from an impinging ion
to the solid surface, a process known as kinetic ejection. This latter process
requires ions to penetrate the solid lattice. Potential ejection dominates at a
glow discharge interface because kinetic ejection requires ion kinetic energies
to be larger than 0.5 keV [34, 35], which is difficult to achieve with a gas
discharge.
Ion interactions with metals were extensively studied theoretically in the
1960s [36], and this body of work provided the technical basis for the re-
sultant surface analysis method known as Ion Neutralization Spectroscopy
(INS) [37]. In such experiments, slow moving noble gas ions are focused onto
the metal surface, and the energy distribution of the ejected secondary elec-
trons is then measured. Similar experiments have also been implemented on
semiconductors. However, virtually all experiments treated the semiconduc-
tor surface as though it was a metal; hence, no doping information is available
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on the record. For example, the secondary electron emission coefficient has
been measured to be 0.115 for silicon with (100) orientation, but the doping
level was not specified [30].
The primary physical process for potential ejection, Auger neutralization,
is described in detail in [38]. Auger neutralization involves two electrons,
both considered to be from the valence band of the semiconductor. One
electron tunnels into the ground state of an approaching ion while a second
electron is simultaneously excited. The energy released from the first elec-
tron is transferred to the excited electron. The excited electron may then be
liberated from the solid if it has sufficient momentum perpendicular to the
surface. Notably, this analysis does not include secondary electron emission,
which stems from the conduction band. In the case of the PBJT, we be-
lieve that electrically promoting conduction electrons at the base surface by
forward-biasing the emitter-base junction plays a significant role in explain-
ing the device’s operation under the influence of a modulated EB voltage.
The motivation of this chapter is to analytically simulate the plasma and
semiconductor interaction at the base surface in order to determine the sec-
ondary electron emission coefficient (γ). The focus of this calculation is the
tunability of γ that is now available by manipulating the base-emitter junc-
tion bias, which was demonstrated experimentally in Chapter 4. For this
purpose, a comparison between two bias conditions will be implemented for
the particular plasma/semiconductor combination of Ne plasma interacting
with Si.
In Section 5.2, ion-enhanced field emission (IEFE) is adjusted as means of
calculating γ and the associated plasma breakdown voltage. Section 5.3 is de-
voted to describing a more comprehensive picture of these surface electronic
processes, which occur at the interface after plasma is ignited. Ion-assisted
reactions, including Auger neutralization and Auger deexcitation, are re-
sponsible for liberating electrons from the solid. Each process is analyzed
separately along with its branching ratio so as to determine its contribu-
tion to the total γ. In Section 5.4, a summary provides the final value of γ
determined for forward and reversed biased base-emitter junctions.
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5.2 Cathode Secondary Electron Emission before
Plasma Breakdown
The plasma breakdown conditions for the conduction and valence band elec-
trons of silicon, including γ and the associated electric field strength at the
moment of breakdown, are determined by the modified Townsend’s break-
down criterion into which the IEFE process is incorporated. The observed
switching effect (wherein the plasma oscillates between a fully extinguished
state and a lit state) of a PBJT device is explained.
5.2.1 Theoretical Background of IEFE and Modified
Townsends Breakdown Criterion
Field emission has been extensively studied as a pathway for electron emission
under vacuum. The well-accepted Fowler-Nordheim equation [39] describes
the emission current density from a surface as a function of the voltage ap-
plied between the cathode and anode in vacuum. When the area between
the electrodes is filled with rare gas, a small number of randomly-generated
ions will be generated. These ions will give rise to IEFE, a process that
effectively increases the emission coefficient of the cathode and decreases the
plasma breakdown voltage.
IEFE is a process involving electron tunneling from the bulk material
through a surface potential barrier locally deformed by the presence of an
ion. The interaction of an ion with a solid surface can be approximated
by the case of IEFE prior to plasma breakdown. The following discussion
provides the motivation for doing so: First, prior to plasma breakdown, the
ions are so sparsely distributed that electron avalanche and chain reactions
have not yet occurred, which resembles the situation of field emission in a
vacuum. Second, IEFE captures the essence of the Auger process in two
aspects: electron tunneling and the effect of an approaching ion on the po-
tential barrier. Thus, the tunneling current is expected to fall into a similar
pattern mathematically. Third, the IEFE model has been applied to explain
the modified Paschen’s curve, which describes the breakdown potential in
microscale gaps, when deviation from the traditional Paschen’s curve occur,
with great success [40]. Fourth, alternative pathways are shown to be impos-
sible, including cold field emission and direct tunneling through the barrier
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formed by plasma sheath at the interface (see the energy diagram in Fig-
ure 3.1). The former requires a large threshold electric field that exceeds the
breakdown of Si (E = 3×105 V/cm). The latter is calculated by the WKB
approximation to be negligibly low. Finally, IEFE provides a powerful ana-
lytical tool with which to probe several intriguing phenomena associated with
the PBJT. The semiclassical and zeroth order mathematical analysis behind
field emission is fully developed and well established, and it directly gives the
relationship between emission current and applied voltage, and both can be
obtained experimentally.
Two major approximations are made here in using the IEFE model. First,
only the deformation of the solid surface potential by the ideal ionization
potential is considered, whereas the reverse deformation effect is neglected.
Second, the two-electron Auger process, which involves energy transfer from a
tunneling electron to an excited electron, is replaced by one electron tunneling
process.
Townsend’s breakdown criterion, as described in Equation 2.2, is readily
modified to include IEFE by simply incorporating γ
′
, the secondary electron
emission coefficient arising solely from IEFE, which results in:
(γi + γ
′
)
[
e
Apd exp(−Bp
EA
) − 1
]
= 1 (5.1)
where p is the gas pressure, EA is the applied electric field strength, and A
and B are constants for a specific gas.
Based on the Fowler-Nordheim equation, Tirumala and Go [40] found that
γ
′
can be expressed by (details are given in Appendix A):
γ
′
=
1
q
∫ R
0
2pir dr
∫ t
0
AFNβ
2E2
φτ 2(y)
exp
[
−BFNφ
3/2ν(y)
E(r, t)
]
dt, (5.2)
where AFN and BFN are the Fowler-Nordheim constants, β is the field en-
hancement factor, R is the radius of the cathode, φ is the vacuum barrier,
q is the electron charge, and τ(y) and ν(y) are functions well-known from
field emission physics [39]. Inserting the effective secondary electron emis-
sion coefficient obtained from Equation A.5 into Equation 5.1, the modified
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breakdown criterion can, therefore, be written as
γi +
1
q
∫ R
0
2pir dr
∫ t
0
AFNβ
2E2
φτ 2(y)
exp
[
−BFNφ
3/2ν(y)
E(r, t)
]
dt =
1
e
Apd exp(−Bp
EA
) − 1
.
(5.3)
5.2.2 Estimate of the Effective Electron Emission Coefficient
for Forward and Reverse-Biased PBJTs
For metals, most emitted electrons escape by Fowler-Nordheim tunneling
from electron states close to the Fermi level. In contrast, in the Schottky
regime (thermal emission assisted by external electric field), most electrons
escape over the top of a field-reduced barrier from states well above the
Fermi level. Similarly, for forward biased PBJT devices, instead of being
thermally pumped, surface electrons are promoted from the valence band to
the conduction band via the voltage applied across the base-emitter junction,
effectively reducing the energy barrier seen by the surface electrons. This
barrier can be interpreted as the effective work function resulting from the
field emission perspective.
A schematic of the effective work functions for Si under forward and reverse
bias is given in Figure 5.1. When the base-emitter junction is forward biased,
electrons from the n-type emitter are promoted to the conduction band and
injected into the base. Those electrons swept from the emitter then drift
towards the surface, with a small fraction recombining with holes in the base,
thus resulting in a significant number of conduction electrons accumulating
at the base surface. These electrons, on average, are able to overcome an
energy barrier equal to the silicon electron affinity (φ1= 4.05 eV); when
the junction is reverse-biased, electron injection from the emitter effectively
ceases. Similar to the forward biased analysis, we know the base electrons
in the valence band require φ2= 5.15 eV (4.05 eV plus the band gap energy
of 1.1 eV) in order to tunnel through the interface barrier. As presented in
Figure 5.1, an incoming ion, indicated by a blue dot, both suppresses and
narrows substantially the potential barrier at the surface. The electrons from
the conduction band are now more likely to tunnel into the plasma than the
electrons in the valence band because they see a narrower potential barrier
width.
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Figure 5.1: Generalized diagrams (not to scale) illustrating the approach of
an ion to the base/collector interface from the gas phase for forward and
reverse bias (adapted from [40]).
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It is instructive to solve Equation 5.3 under conditions relevant to the
PBJT. Of particular interest is the determination of γ = γi + γ
′
and EA, the
pre-breakdown electric field strength applied to the collector, when the PBJT
is forward-biased and reverse-biased for φ= φ1 and φ= φ2. To graphically
solve EA and γ, the left and right hand sides of Equation 5.3 are denoted as
“L” and “R”, respectively. Using the experimental parameters for Ne listed
in Table 5.1, “L” and “R”, as functions of EA, for both φ= φ1 and φ= φ2,
are plotted separately in Figure 5.2. The intersection of the “L” and “R”
curves will give a pair of solutions for EA and γ, and then the breakdown
voltages V1 and V2 are deduced in Table 5.2.
Table 5.1: Parameters used in calculations for neon plasma interfacing with
silicon.
Symbol (Units) Value Reference
L0 (nm) 25
Lc (nm) 0.5 [38]
R (nm) 125
AFN (A eV V
−2) 1.54× 10−6 [39]
BFN (eV
−3/2V cm−1) 6.87× 107 [39]
b (cm2 V−1s−1) 1.1 [16]
β 55 [40]
A(cm−1 Torr−1) 4.4 [16]
B (V cm−1 Torr−1) 111 [16]
p (Torr) 25
d (cm) 0.2
γi 0.0075 [40]
φ1 (eV) 4.05
φ2 (eV) 5.15
The results in Table 5.2 show that, for a smaller effective work function,
less applied voltage is required to breakdown the plasma. The secondary
Table 5.2: Calculated breakdown voltages for neon gas interfacing with
silicon.
φ1=4.05 eV γ1=0.9 EA1=0.081 V/µm V1=EA1d=162 V
φ2=5.15 eV γ2=0.042 EA2=0.145 V/µm V2=EA2d=290 V
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Figure 5.2: Graphical solutions to Equation 5.3 for the secondary electron
emission coefficient (γ = γi + γ
′
) and the pre-breakdown electric field
strength EA for a Ne plasma interfaced with a Si cathode. The blue curve
represents “L” for φ = 4.05 eV when the PBJT is forward-biased, and the
red curve represents “L” for φ= 5.15 eV when the emitter-base junction is
reverse-biased. The black curve represents “R”.
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electron emission coefficient is also smaller. In the experiment, the anode is
supplied with a constant DC voltage of VCC=260 V. Noticing that VCC < V2,
when the junction is reverse biased, VCC is less than the minimum breakdown
voltage based on Townsend’s criterion, which indicates that the plasma could
not be sustained any longer in this configuration. Therefore, the plasma is
extinguished. Similarly, under forward bias, the device is provided with a
voltage larger than the breakdown voltage (V1), and reignites. This switching
effect has been observed by Wagner and Tchertchian on a PBJT device built
from a SOI wafer [14].
5.3 Cathode Secondary Electron Emission after
Plasma Breakdown
5.3.1 Overview of the Electronic Processes at the Si/Ne
Interface
In the previous section, IEFE was adopted as a suitable approximation for
the interaction between the solid state and the sparsely separated ions before
the critical moment of plasma breakdown. However, after the plasma is
ignited, with the ion-abundant cathode fall present at the plasma/solid state
interface, the probability of an ion-assisted reaction is enhanced drastically.
Thus, ion-assisted reactions are generally presented by previous authors as
the sole channel while IEFE is excluded from the scope of the investigation.
In order to show the transition from before to after plasma breakdown, this
section presents a comprehensive picture of the interactions at the plasma
and solid state interface in terms of secondary electron emission, including
field emission (IEFE) and ion-assisted reactions (Auger neutralization/Auger
deexcitation/resonance tunneling) in a rare gas discharge. Each of these
mechanisms has an associated secondary electron emission coefficient (γ)
and branching ratio (the probability for each mechanism to occur).
Figure 5.3 is the flow chart for various electronic transitions at the solid
state and plasma interface (for Si/Ne, in particular). Neutralization of the
approaching ion occurs via the two-stage process of resonance neutralization
followed by Auger de-excitation or via direct Auger neutralization [41]. Sim-
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Figure 5.3: Flow chart for various electronic transitions at the solid
state/Ne plasma interface.
ilarly, a metastable atom can be resonantly ionized, resulting in an ion subse-
quently being neutralized by an Auger transition which can, in turn, produce
secondary electrons as described above [37]. As indicated in Figure 5.3, only
three pathways will give a non-zero γ. They are Auger neutralization, Auger
deexcitation, and IEFE. The associated secondary emission coefficient γN ,
γD, and γF are calculated separately in Sections 5.3.2, 5.3.3, and 5.3.4.
The approach to calculating γ for ion-assisted reactions adapts what Ya-
sushi Motoyama used to calculate the secondary electron emission yield of
MgO with defect states [42, 43]. His mathematical treatment of these elec-
tronic processes is consistent, but simplified, relative to Hagstrum’s original
work [38]. In particular, incorporating the conduction electrons in silicon
can be done in a similar fashion to the manner in which defect states are
introduced into MgO [42, 43].
Given the notations and values of the physical parameters defined in Ta-
ble 5.3, schematic diagrams for Auger neutralization, resonance neutraliza-
tion, Auger deexcitation and IEFE are illustrated in Figure 5.4. The energy
levels are not to scale; however, the relative positions of the energy levels for
silicon and the ion or excited atom in Figure 5.4 are accurate. Because they
possess different potential energies, conduction and valence band electrons
embark on divergent pathways according to the flow chart in Figure 5.3. For
example, conduction band electrons can proceed by resonance neutralization
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to yield excited atoms, which have the opportunity to be Auger neutralized
subsequently and yield a secondary electron; the same process for valence
band electrons is terminated by returning the approaching ion to its ground
state.
Table 5.3: Parameters used in the Si/Ne calculations.
Symbol Description Value (eV)
ε energy of an excited electron
εF Fermi energy
ε0 energy of vacuum level 21.15
from the bottom of the valence band
εc energy of bottom of the conduction band 17.1
from the bottom of the valence band
εv energy of the top of the valence band 16
from the bottom of the valence band
εg band gap 1.1
χ electron affinity 4.05
ξ χ+ εg = ε0 − εv 5.15
Ei ionization energy of Neon at a 20.36
distance s from the solid surface
Em excitation energy of neon at a 16.61
distance s from the solid surface
5.3.2 Calculation of Secondary Electron Emission Coefficient
γN Based on Auger Neutralization
A unitless expression for γN as a function of x is given by (for details see
Appendix B.1):
γN =
∫ UL′
LL′e
P ∗e (x)
√
x− σT ∗[x]dx
/∫ UL′
LL′
√
x− σT ∗[x]dx, (5.4)
where x = ε/ε0 and σ = εc/ε0. T
∗[x] is the unitless Auger transform matrix,
which is the integral of the initial energy distribution of the two electrons
participating in the Auger process. The resultant kinetic energy distribution
of the excited electrons is proportional to the Auger transform matrix. P ∗e (x)
in Equation 5.4 is the escape probability of the excited electrons in the solid
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Figure 5.4: Schematic diagram illustrating electronic transitions at the
Si/Ne interface: (a) Auger neutralization of an ion; (b) Auger deexcitation
of an excited atom; (c) Resonance neutralization of an ion; and (d) IEFE of
an ion.
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that accounts for the fraction of excited electrons that are liberated into the
gas phase: P ∗e (x) = 1/2[1 − xβ]α, where α and β are fitting constants. The
Auger transform matrix is only nonzero in a specific range. The upper bound
energy is the same for excited and escaping electrons, and is denoted as UL′.
LL′e and LL
′ refer to the lower bound energies for the escaped electrons and
the excited electrons, respectively.
The most aggressive approximation in this work is the format of the Auger
transform matrix (T ∗[x]) which is adapted from Motoyama [42, 43]. Ideally,
the Auger transfer matrix is the integral of the energy distribution of the two
electrons from Si participating in the reaction. It is essentially proportional
to the state density function of the two electrons. In Hagstrum’s theoretical
work [38], the state density function is deduced from what is known about
the general features of the population of the valence band—the tetrahedral
sp3 hybridization in a diamond-type semiconductor. To keep the integral
analytically simple, an effective state density function is used for both con-
duction electrons and valence electrons. It takes two forms: a flat band or
a parabolic band, which assume a zero effective mass or a constant non-zero
effective mass, respectively. For the flat band approximation,
T ∗[x] =
x− LL′, LL′ < x ≤ (LL′ + UL′)/2UL′ − x, (LL′ + UL′)/2 < x ≤ UL′ (5.5)
whereas, for the parabolic band approximation,
T ∗[x] =
(x− LL′)2, LL′ < x ≤ (LL′ + UL′)/2(UL′ − x)2, (LL′ + UL′)/2 < x ≤ UL′ (5.6)
The integration limits in Equation 5.4 are conditional and depend upon
whether the initial electrons are from the valence (V V ) or conduction bands
(CC) or one from each (CV), resulting in three values of γN . They are
denoted as γNV V , γ
N
CC , and γ
N
CV , respectively. Table 5.4 summarizes the inte-
gration limits for all three aforementioned conditions.
For a reversed-biased emitter-base junction, conduction electrons are as-
sumed to be completely absent from the base region, and the two initial
electrons are regarded to be from the valence band. The total γN is the
same as γNV V , equal to 0.202. For a forward-biased emitter-base junction, all
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Table 5.4: Upper and lower limits of integration for γN .
UL′ LL′e LL
′
V V (Ei − 2ξ)/ε0 + 1 max{Ei/ε0 − 1, 1} max{Ei/ε0 − 1, σ}
CC Ei/ε0 + 1 Ei/ε0 − 2χ/ε0 + 1 Ei/ε0 − 2χ/ε0 + 1
V C Ei/ε0 + εv/ε0 Ei/ε0 + σ − 1 Ei/ε0 + σ − 1
three scenarios are possible: γNV V , γ
N
CC , and γ
N
CV collectively contribute to the
total γN . The ratio of each contribution is essentially the probability of each
transition. Each is proportional to the number of states, according to time-
dependent perturbation theory. The effective density of states for silicon at
300 K is 2.824×1019 cm−3 in the conduction band and 1.83×1019 cm−3 in
the valence band. Pv and Pc, which refer to the ratio of the valence band
states and the conduction band states to the total values, are determined
to be 0.394 and 0.606, respectively. The total γN under forward-bias of the
PBJT’s EB junction is evaluated by the relation
γN = P 2v γ
N
V V + P
2
c γ
N
CC + 2PcPvγ
N
CV (5.7)
to be 0.338 for the flat band approximation and 0.333 for the parabolic band
approximation.
5.3.3 Calculation of the Secondary Electron Emission
Coefficient γD, Based on Auger Deexcitation
When an ion approaches a solid surface and resonance neutralization occurs,
the ion becomes an excited atom. The excited atom can subsequently go
through Auger deexcitation and return to the ground state. Auger deexci-
tation is also a two-electron process. However, one electron is from the solid
and the other is from the gas phase. In a manner similar to Auger neutral-
ization, a unitless expression for γN as a function of x is derived (for details,
please see Appendix B.2) and can be written:
γD =
∫ UL′
LL′e
P ∗e (x)
√
x− σn∗(x)dx
/∫ UL′
LL′
√
x− σn∗(x)dx. (5.8)
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The same definitions for x, σ, P ∗e (x) and UL
′, LL′e, LL
′ apply here as for
Auger neutralization in Section 5.3.2. The function n∗(x) is the effective
energy distribution for one electron in the solid, and is finite only in LL′ <
x < UL′. For a flat band state density approximation,
n∗(x) = 1, LL′ < x < UL′. (5.9)
For a parabolic band approximation,
n∗(x) =

√
x− LL′, LL′ < x ≤ (LL′ + UL′)/2
√
UL′ − x, (LL′ + UL′)/2 < x ≤ UL′
. (5.10)
The integration limits are conditional, depending on whether the electron is
from the conduction band or from the valence band, as shown in Table 5.5.
The resultant γD is denoted as γDC and γ
D
V , respectively. For a reverse-biased
Table 5.5: Upper and lower limits of integration for γD.
γD UL′ LL′e LL
′
V (Em + εv)/ε0 max{Em/ε0, 1} max{Em/ε0, σ}
C Em/ε0 + 1 max{Em/ε0 + σ, 1} Em/ε0 + σ
base-emitter junction, the total γD is equal to γDV , which is determined to
be 0.288. For a forward-biased base-emitter junction, the conduction and
valence electrons act collectively, giving an effective γD = Pvγ
D
C +Pcγ
D
V . The
definitions for Pv and Pc are the same as for Auger neutralization. The total
γD is calculated to be 0.356.
5.3.4 Calculation of the Secondary Electron Emission
Coefficient γF Based on IEFE
Before plasma breakdown, the modified Townsend’s criterion discussed in
Section 5.2 is composed of two parts: “L” represents the secondary electron
emission coefficient (γ) as a function of applied electric field (EA), and “R”,
also a function of EA, represents the constraint conditions of a discharge,
including the separation between electrodes, gas type and pressure. A graphic
solution indicates that the intersections of the L and R curves give a pair of
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Figure 5.5: γ for single-ion IEFE involving conduction and valence
electrons.
solutions for γ and EA. However, since the plasma is self-sustainable after
being generated, this method fails because the constraint condition (R curve)
is not valid for an established plasma. Fortunately, the L curve is still usable,
and γ can be read from the L curve directly by estimating the electric field.
For a DC glow discharge in 25 Torr neon gas with electrodes 2 mm apart,
the established cathode fall is assumed to be 20 µm thick. The matrix
sheath approximation indicates a linear relationship between voltage and
the cathode fall distance, resulting in EA ∼15 V/µm for an applied voltage
of 300 V.
Figure 5.5 shows the L curves of conduction electrons and valence electrons
when the electric field ranges between 0.1 V/µm and 16 V/µm. The γ values
for valence electrons (γV ) starts to roll off quickly at EA ∼2 V/µm and
gradually approaches γi (0.0075) when the ion-induced effect is negligible.
The γ for conduction electrons (γC) also rolls off but in a slower fashion
compared to valence electrons. The value of γC is always larger than γV for
a fixed electric field. Notably, the difference between γC and γV decreases
with increasing electric field. At EA=15 V/µm, γC and γV are 0.0187 and
0.00842, respectively.
It is necessary to examine the effect of the IEFE due to multiple ions,
given the fact that ions are concentrated around the cathode after break-
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Figure 5.6: γ for double-ion IEFE for conduction and valence electrons.
down. Assuming a typical plasma density for a medium pressure DC plasma
(∼ 1012 cm−3), the average closest distance between two ions is ∼1 µm. Fig-
ure 5.6 gives the L curves for conduction electrons and valence electrons for
the electric field, varying over the 0.1-16 V/µm range under the influence of
two ions in the vicinity of the solid state. The curve is obtained by linearly
superposing the electric field of a second ion 1 µm closer to the interface
in addition to the first ion. The second ion is simulated exactly the same
as the single-ion. The γC and γV curves for the double-ion scenario show
similar trends with respect to the electric field as the single-ion case. At
Ep=15 V/µm, the values for γC and γV for double-ion IEFE are 0.0155 and
0.00813, respectively, which are both slightly smaller than their counterparts
for single-ion IEFE. This result demonstrates that the effect of the second
ion is minor compared to the primary ion in terms of the value of γ. It is safe
to deduce that the effect of a third or fourth ion will be further diminished,
as they are farther apart from the primary ion. Therefore, the single-ion
scenario is a fair approximation when considering IEFE in the presence of a
plasma.
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5.4 Summary
IEFE is responsible for plasma breakdown of a small scale discharge such
as the collector of a PBJT. The cathode secondary electron emission coef-
ficients for conduction and valence electrons are calculated to be 0.953 and
0.0447, respectively. Secondary electron emission due to IEFE diminishes
significantly after the plasma is turned on for both valence electrons and
conduction electrons, primarily, because the ions concentrated at the cath-
ode fall region promote ion-assisted reactions into a dominant role. This is
supported by the fact that the calculated γ from IEFE is at least one order
of magnitude smaller as compared to γN and γD (summarized in Table 5.6).
Table 5.6: Calculated secondary electron emission coefficients for Auger
neutralization and Auger deexcitation.
γNV V γ
N
CC γ
N
CV γ
N
F γ
N
R γ
D
V γ
D
C γ
D
F γ
D
R
flat band approximation
0.202 0.408 0.329 0.338 0.202 0.288 0.400 0.356 0.288
parabolic band approximation
0.148 0.408 0.335 0.333 0.148 0.201 0.336 0.283 0.201
1 superscripts “N” and “D” refer to Auger neutralization and Auger
deexcitation
2 subscripts “C” and “V” refer to conduction electrons and valence
electrons
3 subscripts “F” and “R” refer to forward-biased and reverse-biased
base-emitter junction.
Next, the total γ is evaluated at the Si/Ne interface, based on the results of
Table 5.6. For a reverse-biased emitter-base junction, only valence electrons
in silicon participate in the surface interaction. The calculation for the total
γ is straightforward. From the schematics of the electronic processes in Fig-
ure 5.4, it is clearly impossible for a valence electron to generate an excited
atom through resonance neutralization, which eliminates the possibility of
subsequent Auger deexcitation. So the total γ is equal to γNV V in Table 5.6.
For the flat band and parabolic band approximations, the total γR is 0.202
and 0.148, respectively.
For a forward-biased emitter-base junction, the branching ratio of Auger
neutralization to resonance neutralization is 0.622 to 0.378. Since resonance
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neutralization does not produce secondary electrons and is considered the
sole source for excited atoms, the branching ratio for resonance neutralization
can be passed along to Auger deexcitation. Therefore, the total γF can be
calculated from γN and γD for forward-bias, with a branching ratio of 0.622
to 0.378. For the flat band and parabolic band approximations, the total
γF is 0.345 and 0.314, respectively. It is expected that the total γ for the
forward-biased condition is larger than that for the reverse bias, no matter
what type of state density approximation is chosen.
In summary, the ratio of γF/γR is calculated to be 171% for the flat band
approximation and 212% for the parabolic approximation. The latter is
within the range of experimental values deduced from optical imaging (180%-
360%).
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CHAPTER 6
SIMULATION OF TRANSISTOR
CURRENT GAIN
6.1 Motivation
As discussed in Chapter 5, one characteristic feature of the PBJT is that a
pn junction, serving as the cathode, gives the device control of the cathode
secondary electron emission. The motivation of the calculation in this chapter
is to examine whether this property of the cathode (base) will affect the
figures of merit of the device as a transistor.
Section 6.2 is devoted to developing an analytically simple base model
that allows the steady state distribution of the excess electrons, N, within
the base region to be treated as a solvable boundary-value problem. The
base-collector current gain (β), one of the figures of merit for a transistor,
is obtained as a function of base geometric and material parameters. In
Section 6.3, analytical solutions for N and β are presented. The simulation
results are further analyzed to provide insights for device design and op-
erating conditions. These calculations confirm that the varying secondary
electron emission is manifest in the electronic device domain by giving rise
to a tunable base-collector current gain, which is an inherent non-varying
property for a conventional BJT.
6.2 Physical Model for Excess Electron Distribution in
the PBJT Base
The transport of electrons and holes in the base region of the PBJT, as
shown in Figure 6.1, resembles a npn BJT except for two additional com-
ponents: (1) photo-generated electron-hole pairs that result from irradiation
of the plasma collector; and (2) the hole current from ions impinging on
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Figure 6.1: Carrier transport in the solid-state portion of a PBJT.
the cathode (base) surface. The region of interest in the calculation is the
quasi-neutral base region—from the edge of the base-emitter depletion layer
(z=0) to the edge of the base-collector depletion layer (z=w), as denoted in
Figure 6.1. In the forward-active mode, the rate at which photogenerated
electrons are produced is negligible when compared to the loss of electrons
through recombination with holes in the base. Therefore, the excess electrons
ejected from the emitter are mainly subject to two-dimensional diffusion in
the quasi-neutral base region.
The notation of the parameters and their values related to the derivation
are listed in Table 6.1. Figure 6.2(a) is an illustration of the cross section
of a PBJT base. A cylindrical coordinate system is defined by aligning the
radius and the height of the base in the r and z directions. The z=0 plane
is the emitter-base depletion layer edge, whereas the z=w plane is the base-
collector depletion layer edge. Finally, r=0 is defined as the central axis of
the cylinder.
Since the dimension of the base in the r direction is hundreds of times
larger than in the z direction, the PBJT base which is a circular mesa with
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a 57 degree slope is approximated by a circular cylinder with a radius equal
to the base surface radius (R), as presented in Figure 6.2(b).
Table 6.1: Parameters used in the calculation for excess electron
distribution at the PBJT base.
Symbol Description Value (eV)
R radius of the base 1500 µm
dBE base-emitter depletion width 0.2 µm
dBC base-collector depletion width 2 µm
w quasi neutral base width (base thickness-2.2)µm
Na base doping 7×1015 cm−3
Nd emitter doping 1×1019 cm−3
τ electron life time in the base 9×10−11 s
Ln electron diffusion length 600 µm
Dn electron diffusion constant 40 cm
2/s
electron current density
Je at the base/emitter boundary 141.5 A/m
2
In forward-active operation of a PBJT, the computation of the steady state
distribution of excess electrons within the cylindrical base region, N(r, z), is
considered as a boundary-value problem. The governing equation for N(r, z)
is established by the two-dimensional current continuity equation according
to [44, 45]:
∂2N(r, z)
∂r2
+
1
r
∂N(r, z)
∂r
+
∂2N(r, z)
∂z2
− f ∂N(r, z)
∂z
− N(r, z)
L2n
= 0 (6.1)
where f = qEz/(kT ) and Ez is the electric field in the z direction due to the
gradient of the doping concentration in the junction. Assuming the base and
emitter to be incorporated into an epitaxial wafer, and taking the doping
profile at the base and the emitter interface to be abrupt, the f is identically
equal to zero. Equation 6.1 is further simplified to yield:
∂2N(r, z)
∂r2
+
1
r
∂N(r, z)
∂r
+
∂2N(r, z)
∂z2
− N(r, z)
L2n
= 0. (6.2)
The boundary condition relating the surface electron concentration and
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Figure 6.2: (a) Schematics of the base region of a PBJT; (b) Analytical
model of cylindrical base region with boundary conditions.
the surface recombination velocity S is expressed as:
eˆ ∂N(r, z) +
S
Dn
N(r, z) = 0, (6.3)
where eˆ is the unit outward normal vector. The boundary conditions for
different surfaces are thus shown in Figure 6.2(b). The outer wall of the
PBJT base is passivated with a dielectric as illustrated in Figure 6.2(a), so
ideally the recombination velocity at r=R is zero. At z=0, where the base
interfaces with the emitter, a constant minority-carrier current density Je is
assumed, resulting from a forward-biased emitter junction.
At z=w, the strongly reverse-biased collector-base junction, which is an
ideal minority-carrier sink for a BJT, is not so for a PBJT. In a BJT, the
electron concentration at the edge of the base-collector junction is close to
zero. In the hybrid collector-base junction of a PBJT, the electrons at the in-
terface must overcome a potential barrier before entering the plasma collector
(see energy diagram). The electron concentration at the base-collector edge
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cannot be simply assumed to be zero. Hereby, a Cauchy boundary condition
is assumed at the base-collector interface with a minority current density Jc.
Jc is also equal to the plasma current density by which the plasma and the
semiconductor are coupled at the interface of the two media (z=w) according
to the current continuity relation:
J(w) = eni(w)vi(w)(1 + γse). (6.4)
Equation 6.4 dictates that the plasma collector current density (J) is propor-
tional to the flux of ions in the plasma by a factor of 1+γse, where γse is the
secondary electron emission of the cathode (base).
6.3 Simulation Results and Analysis
Solutions of Equation 6.2 with the boundary conditions presented in Fig-
ure 6.2(b) are obtained by separation of variables and then expressing N(r, z)
as a summation of the products of the associated eigensolutions in the z and
r directions. Matching the boundary conditions at the surfaces of r=0, r=R,
z=0 and z=w to the solution of Equation 6.2 yields
N(r, z) =
∞∑
m=0
(Amcosh(αmz) +Bmsinh(αmz))J0(λmr) (6.5)
where Jq(x) denotes the q
th order Bessel function for variable x, and λm is
the mth solution of J1(λmR)=0;
αm =
√
λ2m + L
−2
n ; (6.6)
Km =
∫ R
0
J0(λmr)rdr; (6.7)
Am =
2Km
qDnαmR2J20 (λmR)sinh(αmw)
(−Jnc + Jnecosh(αmw)); (6.8)
Bm = − 2KmJne
qDnαmR2J20 (λmR)
. (6.9)
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Also, the collector current density Jc and the collector current ic are given
by:
Jc =
∞∑
m=0
−qDn∂N
∂z
∣∣∣∣
z=w
(6.10)
ic = pi
∫ R
0
Jc rdr =
∞∑
m=0
−piqDnαmKm(Bmcosh(αmw) + Amsinh(αmw)).
(6.11)
Finally, the collector-emitter current gain β is determined by
β = ic/(ie − ic). (6.12)
The explicit expression for β is a function of the base geometric parameters
(width and diameter), silicon material properties (Ln, Dn, etc.) and the as-
sumed current density at the base-collector junction Jc, which is determined
by the plasma density.
Figure 6.3 shows that the calculated base-collector current gain increases
with plasma current density Jc for base thicknesses of 5 µm, 10 µm and 15 µm.
It is evident that, for the same Jc, a PBJT with a thinner base provides larger
current gain. However, Jc saturates at a lower value for a thinner base, which
indicates that thinner bases are able to withstand less plasma current than
those that are thicker. Saturation occurs when ic approaches ie, giving rise
to the denominator of Equation 6.12 approaching zero. A sufficiently larger
current limiting resistor is required to be connected to the discharge in series
for protecting the solid-state portion of the device, especially for those with
a thin base.
Figure 6.4 presents the simulated emitter-collector current gain as a func-
tion of Jc for base diameters of 0.5 mm, 1 mm and 3 mm. In order to compare
the results, the current densities at the base-emitter edge (Je) are kept the
same for the three devices. The resultant β, as a function of Jc, for varying
base diameters exhibits a similar pattern to that observed when the varying
base thicknesses, dictating that scaling down plasma size in r and z directions
requires effectively limiting plasma current after breakdown. The simulation
results support the fact that the 3 mm base diameter (largest base) PBJT
so far has the highest success rate in testing.
Recalling Equation 6.4, the ion flux from the plasma at the Si/Ne in-
terface can be obtained by calculating jc/[e(1 + γ)]. Using the simulation
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Figure 6.3: Base-collector current gain as a function of Jc for different base
thicknesses.
results from Chapter 5, the total secondary electron emission coefficient for a
forward-biased base/emitter junction γF is equal to 0.205. The reverse bias
counterpart, γR, is equal to 0.148. A direct relation of β to the ion flux at
the interface can be drawn in Figure 6.5 for a PBJT with a base 10 µm in
thickness and 3 mm in diameter. As noted on the y axis of Figure 6.5, ion
flux is a plasma quantity and in the x axis, β represents a transistor prop-
erty. It must be emphasized that the PBJT allows for a direct comparison
between a plasma parameter and a parameter of the transistor.
As illustrated in Figure 6.5, the base-collector current gain for a forward-
biased base-emitter junction can be larger than its reverse-biased counter-
part, given an adequately large ion flux at the semiconductor/plasma in-
terface. This varying transistor current gain is distinguishable beyond β=2
with an ion flux larger than 1016 cm−2s−1 and reaches saturation around
1.45×1016 cm−2s−1. The tuning range for the current gain 10–35 can be
achieved by adjusting the ion flux accordingly. The reason this phenomenon
has not been observed experimentally so far is that the current device has a
current gain less than unity, as indicated by the blue dot in Figure 6.5. The
plasma density must be at least twice as large as is available at present to
make the variable current gain measurable. This is one of the motivations for
exploring PBJTs constructed on more robust semiconductor materials such
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Figure 6.4: Base-collector current gain as a function of Jc for different base
diameters.
as SiC or doped diamond, which can withstand larger plasma currents.
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Figure 6.5: Ion flux as a junction of the base-collector gain for forward and
reverse biased base-emitter junctions.
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CHAPTER 7
PBJT DEVICE WITH BLACK SILICON
INTERFACE
7.1 General Considerations: Black Silicon Treatment
of the PBJT Base
The generally accepted Fowler-Nordheim theory for a clean metal surface
relates the field emission current density (j) to the electric field at the surface
(E) and the work function (φ) by the expression:
jfield =
AFNα
2E2
φτ 2(y)
exp
[
−BFNφ
3/2ν(y)
αE
]
. (7.1)
According to Equation 7.1, the secondary electron yield for field emission
is proportional to the geometric enhancement factor α. In 1976, Spindt et
al. [39] demonstrated the thin-film field emission cathode which is formed
by an array of sharp cone structures made of molybdenum. Each Mo cone
structure is 1.4 µm tall with a base diameter of 1 µm and a tip radius of
0.05 µm. An array of these cones with a spacing of 1.4 µm was measured to
provide a field conversion factor of 105/cm as the cathode for a field emission,
resulting in a geometry enhancement factor up to 104 [39]. The design of the
mesa PBJT makes the base surface accessible for treatment. The motivation
for doing so is to reduce the plasma breakdown voltage in the PBJT by
modifying the base surface morphology to gain a larger enhancement factor.
A similar structure was made of a particular silicon structure known as
“black silicon” due to its application in the photovoltaic industry to mitigate
the surface reflectivity on solar panels [46]. Black silicon has a needle-shaped
surface structure. Each needle typically has a height of ∼10 µm and a di-
ameter of less than 1 µm. In semiconductor technology, reactive ion etching
(RIE) is a standard procedure for producing high aspect ratio trenches with
a depth up to several hundred µm. One of the promising RIE processes is the
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Bosch process [47]. Anisotropic etching is achieved by repeatedly switching
between a silicon etching and a sidewall passivation with a Teflon type ma-
terial [48]. In an alternative approach, the trench sidewall is passivated with
SiO2 by introducing oxygen at low temperature and subsequently removed
from the bottom by directional ion bombardment, a process known as cryo-
genic RIE. Aside from the RIE process, black silicon can also be produced
by irradiating the surface with a series of femtosecond laser pulses without
the use of corrosive gas [49].
Black silicon applications for the PBJT device have three specific require-
ments. First, the tip of each microstructure is preferably to be sharp. Since
it is not necessary to have a needle structure, a cone shaped microstructure
with a small tip radius is acceptable. Secondly, the depth of each cone must
be controlled at the sub-µm scale in order to prevent electrical shortage at
the pn junction, given that the PBJT base thickness is merely several µms.
Thirdly, this surface treatment must have macroscopic uniformity to avoid
the discharge being localized. In this situation, the pn junction would be
prone to breakdown because of thermal heating.
Both laser blading and the RIE process are suitable for fulfilling these
requirements. RIE is chosen in this work for its efficiency and simplicity of
implementation. Laser blading is likely to form a pillar-like structure with
a blunt tip. The base surface will be exposed by sequentially sweeping the
laser beam. Thus, the blading process is slow and requires a speed control
setup to achieve a desired dosage. Material redeposition is also problematic.
A vacuum system might be needed to remove the debris [49].
7.2 Fabrication Procedures
The particular process adapted here to make black silicon on the PBJT base
was developed and implemented by the group of Prof. Liu at the University of
Illinois [50]. A single die for a regular PBJT is spun with photoresist except
the base window, followed by an ICP-RIE process with a mixture of HBr
and O2 gas. In a few seconds, a nanoscale, silicon etching mask comprising
complex oxide nanodot arrays naturally forms, and then HBr gas is used to
etch the uncovered silicon. Since HBr gas has a high etching selectivity of
silicon to oxide (200:1), high-aspect-ratio high-density nanocone structures
70
Figure 7.1: Left: photograph of a PBJT device after applying black silicon
treatment to the base; Right: photograph of a regular PBJT for
comparison.
can be created. The device is then soaked in Buffered Oxide Etchant (BOE)
solution to remove the debris of silicon oxide formed during the process. The
left half of the Figure 7.1 shows a PBJT after the treatment with a dark base
window where an unprocessed regular device with a flat surface is presented
on the right half for comparison.
The SEM picture in Figure 7.2 shows the microsurface structure of the
processed black silicon. Each conical structure has a tip radius <1 nm and a
height of ∼100 nm, which satisfies the design requirements. The structures
are closely packed with an average density of 4×1010 tips/cm2. In total,
9× 109 cones are engineered on a 3 mm diameter base surface.
7.3 Experimental Results and Analyses
7.3.1 Plasma Breakdown Voltage for the Black Silicon PBJT
Table 7.1 presents the plasma breakdown voltages for a black silicon PBJT
and a regular PBJT tested with Ne gas at pressure 10 Torr–40 Torr. Contrary
to initial expectations, the plasma breakdown voltages of a black silicon
PBJT were not reduced when compared to an unprocessed device operating
under the same conditions. An explanation is given by revisiting the Fowler-
Nordheim equation and the breakdown criterion for IEFE, as discussed in
Section 5.2.
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Figure 7.2: SEM image of the black silicon structure processed on the base
surface.
Table 7.1: Plasma breakdown voltages for a black silicon PBJT and a
regular PBJT.
Ne gas Plasma breakdown voltage Plasma breakdown voltage
pressure (Torr) for a black silicon PBJT (V) for a regular PBJT (V)
10 294 290
20 301 298
30 306 307
40 312 315
Electron emission is dependent on the strength of the electric field at the
surface, based on the Fowler-Nordheim equation. One conventional approach
is to increase the geometry enhancement factor to meet the critical field
requirement. For a field emission in vacuum with an array of silicon (doping
1016 cm−3) cones as the cathode, it is observed that the onset of valence
electron emission is at 133 V and the conduction electron emission occurs at
voltages as low as 89 V [51]. The field conversion factor for a typical cone
structure is 105 cm−1 [39], so the critical electric field for valence electrons
emission is 1.33×107 V/cm and for conduction electron emission, the value
is 8.9×106 V/cm.
Near the flat surface of a regular PBJT, the effect of an approaching ion is
also to increase the local electric field to facilitate electron emission, a process
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discussed extensively earlier and known as IEFE. For an applied electric field
of 1500 V/cm (assuming 300 V applied voltage between electrodes 2 mm
apart), the ratio of the effectively enhanced electric field to the applied elec-
tric field (K) (see Section 5.2 and Appendix A) is 104 where the IEFE takes
place. Therefore the total electric field is ∼1.5×107 V/cm, which is sufficient
to initiate electron emission for both conduction and valence electrons. In
a black silicon PBJT, although the geometric enhancement factor is greatly
enlarged by the surface treatment, IEFE as a competing mechanism still
dominates in terms of facilitating plasma breakdown. This is believed to be
the main reason why the plasma breakdown voltage stays unchanged.
7.3.2 Collector Current Characteristics for Three Operational
Modes
The black silicon device is tested with a common-emitter configuration as the
regular PBJT with a 720 kΩ collector resistor and a 10 Ω base resistor. A
100 Hz 1 Vpp sinusoidal waveform is applied to the base. Temporal waveforms
for the base current (ib) and collector current (ic) are shown in Figure 7.3.
The ic of a black silicon PBJT differs from its counterpart for a regular PBJT
in that the former has oscillations superimposed on an envelope that appears
to be the shape of the latter. Based on the intensity of ic oscillations, a black
silicon PBJT can be identified with three operational modes, denoted as
Mode I, II and III, respectively. These modes appear sequentially by raising
the applied collector voltage VHV .
Mode I appears immediately after plasma breakdown, in this particular
test, when a voltage of 302 V is applied to the plasma collector. The dominant
characteristic of Mode I is the asymmetric ic oscillations, specifically, the
enhanced oscillations in the reverse-biased half cycle of ic as presented in
Figure 7.3. The onset of Mode II occurs when the collector voltage is raised
to 307 V, in which mode, oscillations of equal magnitude are superimposed
onto the forward and reverse biased half cycle of ic. This feature of Mode II
remains, while the magnitudes of the oscillations for both half cycles increase
with rising VHV . When VHV is tuned to 323 V, the device quickly switches
to Mode III, in which the oscillations in the reverse-biased half cycle are
suppressed and the forward-biased half cycle is preferentially enhanced. The
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duration of Mode III is only several seconds. Shortly after the onset of Mode
III, the device tends to break down due to the extremely high ic at this
stage. The reduction of ib and the negative portion of ic both dictate severe
sputtering on the base surface which occurs at this stage, which eventually
leads to device breakdown.
Figure 7.4 shows the Fourier transforms of the ic data for the three oper-
ational modes. The frequency range of interest is 0–15 kHz, given the 30k/s
sampling rate of the data acquisition system. A peak at 100 Hz, which is the
base modulation frequency, is visible for all the modes. Mode I and Mode II
share a peak at 3.75 kHz, which is the oscillation frequency for Mode II and
for the forward half cycle of Mode I. Mode I has an additional comb of high
order harmonics, whose frequencies lie in the 11.5 kHz–13 kHz range with
∼200 Hz spacing. The oscillation frequency for the reverse-biased half cycle
of Mode I is attributed to one of the peaks in the frequency comb. In Mode
III, not only the magnitudes of the existing high order harmonics increase
significantly but also new peaks emerge at 10 kHz and 13.5 kHz.
The cause of the iC oscillation can be explained by the periodic collapse
and reformation of the plasma sheath under the influence of electron ejection
from the solid. The geometrically-enhanced electric field due to the large
curvature near the tip of the silicon cone facilitates the injection of electrons
into the gas, giving rise to the neutralization of the ions in the sheath region.
When the surface potential saturates (surface potential falls below Te), the
ion sheath starts to collapse. Subsequently, the electric field is reduced be-
low the critical field strength required for the onset of electron injection so
that electron injection ceases, followed by the reestablishment of the plasma
sheath. iC oscillation frequencies, which are ∼3.75 kHz for the forward biased
BE and 12 kHz for the reverse biased BE junction, are believed to be related
to the time scale of the sheath collapse. Investigation [52] into argon plasma
immersion ion implantation confirms that the decay time constant for the
collapse of the ion sheath in front of a dielectric substrate is ∼100 µs. The
collector current oscillation frequency in black silicon PBJT is approximately
of the same magnitude.
The following is an estimation of the time required for the sheath to col-
lapse in black silicon PBJT. The consequence of electron ejection from the
solid wall is a reduction of the sheath thickness. The sheath moves towards
the cathode surface before it eventually collapses. The average distance (d)
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Figure 7.3: Three modes of ib-ic characteristics for a black silicon PBJT.
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Figure 7.4: Fourier transform of the three modes of ic characteristics for a
black silicon PBJT.
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that the sheath moves, is estimated to be 750 µm by evaluating the dis-
tance from the peak optical intensity to the cathode surface in Figure 4.3.
Ion movements in the collisional sheath region are subject to diffusion. An
empirical equation for ion diffusion coefficient Di is
Di[cm
2/s] =
8
pi
1
330p[Torr]
1.56× 106
√
Ti[eV ]
µ[amu]
(7.2)
where p is the gas pressure (25 Torr), µ is the Ne atomic mass (20 amu), and
Ti is ion temperature (1/40 eV). Substituting these values into Equation 7.2,
Di=2.6 cm
2/s. The average time for the sheath to collapse is τ = d2/(pi2Di).
The corresponding characteristic frequency f (f = 1/τ) is estimated to be
4.5 kHz, which is close to the iC oscillation frequency of 3.75 kHz for the
forward biased half cycle of Mode I.
The iC oscillation frequency for the reverse biased half cycle is higher be-
cause the expansion of the sheath includes a larger concentration of electrons
in the sheath region. As a result, the ambipolar diffusion coefficient Da, in-
stead of Di, is used for the estimate of the frequency; i.e,
Da = Di(1 +
Te
Ti
) (7.3)
where Te is the electron temperature. For a high pressure gas discharge, Te
is assumed to be 0.5 eV and Ti=1/40 eV. Da is calculated to be 54.6 cm
2/s.
The corresponding characteristic frequency is 9.6 kHz, which is close to the
iC oscillation frequency of 12 kHz for the reverse-biased half cycle of Mode I.
7.3.3 Potential Application as “Burst” Mode Digital
Transistor
This type of device has the potential to be used as a “burst mode” digital
transistor. Taking the data presented in Figure 7.3 and Figure 7.4 as an
example, the oscillations of the reverse-biased half cycle for this particular
device working in Mode I can be used to generate digital signals at frequencies
equal to one of the peak frequencies of the comb (11.5 kHz–13 kHz), if ic above
0.08 mA is considered as “1” and below 0.04 mA is considered as “0”. In
the forward-biased half cycle, ic oscillates in the range of 0.06 mA–0.07 mA,
77
which belongs to neither “1” nor “0”. Therefore, the digital transistor is in
the “off” state for the forward-biased half cycle.
What is unique about this digital transistor is two-fold. Firstly, the fre-
quency at which the digital transistor operates is closely related to the surface
morphology such as the microstructure and the density of the silicon cones,
and their effect on the plasma properties. No clock signal is required for this
kind of operation, which is unprecedented for a solid-state device. Secondly,
the base voltage, which regulates both forward and reverse operations, pro-
vides additional control ability of the device “on” and “off” states at a much
lower frequency. To realize this application, the correlation of the silicon tips
to high harmonic generation needs to be further investigated. The operating
conditions to trigger each mode also have to be thoroughly studied.
7.3.4 Theoretical Explanation for the Mode I to Mode II
Transition
The reason for the three operational modes has not yet been clarified. The
following is a tentative explanation for the transition from Mode I to Mode
II, based on examining the effect of the overall secondary electron emission
coefficient γ¯ due to the surface roughness. The surface roughness can be
characterized with a single parameter “a”, which represents both the height
and the spacing of the non-uniformities. For processed silicon tips on a PBJT,
a is ∼80 nm as shown in Figure 7.2.
As shown by the schematic in Figure 7.5, an imaginary “control” surface is
introduced at a distance of many a’s from the cathode surface. The electric
field on the “control” surface is uniform and equal to E∞, specifically EF∞
and ER∞ for the forward and the reverse-biased conditions [53]. We define
a system characteristic parameter E0 = W0/(2eλe), where W0 is the average
electron energy and λe is electron mean free path, E0 is estimated to be
2.5×105 V/m for a DC plasma generated with 20 Torr Ne gas. The overall
secondary electron emission coefficient γ¯ due to the surface nonuniformities
can be evaluated by the expression [53]:
γ¯ =
αE∞
αE∞ + E0
γ0. (7.4)
where γ0 is the secondary electron emission coefficient for a flat surface, and
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Figure 7.5: Cathode surface and the imaginary “control” surface.
α is the geometric enhancement factor due to the surface nonuniformities.
For a hemispherical structure, α is roughly 3; for a sharp tip structure, α can
be 50–104 [53].
Equation 7.4 dictates that the average secondary electron emission coef-
ficient for a non-uniform surface is always smaller than its counterpart for
a flat surface. The former approaches the latter when αE∞  E0. Equa-
tion 7.4 also indicates that the gap between γ¯R and γ¯F shrinks as both EF∞
and ER∞ increase with VHV , giving rise to the onset of Mode II. In this
mode, an equal magnitude for the oscillations in both half cycles is observed.
Mode II continues after EF∞ surpasses E0 and both γ¯R and γ¯F approach γ0.
Unfortunately, Equation 7.4 cannot explain the selective enhancement of
oscillation in Mode I. The experimental ic data supports the inequality γ¯R >
γ¯F , which leads to E0 > αER∞ > αEF∞. This is contradictory to the fact
that EF∞ appears to be larger than ER∞.
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CHAPTER 8
SUMMARY AND FUTURE WORK
Theoretical and experimental analyses of the plasma bipolar junction tran-
sistor (PBJT) have been presented. The control of the electronic properties
of a surface when interfacing with a plasma is investigated by means of an
electrically controllable pn junction.
Experimentally, a new configuration of PBJT based on an epitaxial silicon
wafer with accessibility to the base surface was developed as a platform to
investigate the interaction of a plasma with a solid surface. Coupling of the
electron-ion plasma and electron-hole plasma was realized at the semiconduc-
tor and plasma interface in the presence of a continuous range of electron
densities immediately beneath the surface of the base. Theoretically, ion-
assistant reactions were examined to count for the overall secondary electron
yield.
The research presented here represents a step forward in the understand-
ing of PBJTs. The unique features of the device have been demonstrated
and potential applications have been proposed with their feasibilities being
investigated. The theoretical and experimental foundations developed in this
work will likely lead to improved device design and performance. New de-
velopments, such as the realization of optical probing of the plasma collector
of the PBJT, and another category of new device that is essentially PBJT
derivative which incorporates a black silicon interface, have been achieved.
With respect to device performance, the two most pressing issues with the
PBJT at this stage are reliability and scalability. For the current generation,
the anode is manually integrated after fabricating the solid-state portion of
the device. The distance between the anode and cathode—a critical param-
eter for the discharge—cannot be controlled precisely from device to device.
Ultimately, the reliability problem stems from the destructive nature of the
plasma to the exposed cathode surface. Attempts to minimize the cathode
damage and anode erosion, including changing the discharge configuration
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Figure 8.1: Cross section of a lateral diffused PBJT.
and anode materials, have been presented in this work.
The scalability issue here hinges on the difficulties involved in attempting
to reduce the size of the plasma. Aside from processing related challenges,
igniting a plasma and confining it in a small volume is not trivial beyond 1
µm characteristic dimension. The consequence of failing to scale the plasma
volume is that the solid state portion of the PBJT is on the same scale as
the plasma enclosure and produces large RC time delays.
One immediate step under way to alleviate these two problems is the de-
velopment of the next generation device known as the lateral diffused PBJT
(LDPBJT) as presented in Figure 8.1. The PBJT is processed on the device
layer of a silicon-on-insulator wafer, in which the buried oxide provides di-
electric isolation. Both the anode and the heavily doped emitter are formed
by thermal diffusion. The etched cavity is where the plasma will be gener-
ated. In the LDPBJT, the spacing between the anode and cathode can be
defined accurately and varied if needed with the assistance of microprocess-
ing technology. Array structures and functional circuits involving multiple
devices on a platform can be readily developed on the basis of this device
configuration.
With the device control ability demonstrated in this work, the PBJT could
be incorporated as an embedded component in microplasma devices. Further
research into the PBJT, guided by this work, should lead to more reliable
device performance and definitive application as a phototransistor.
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APPENDIX A
DERIVATION OF THE ION-ENHANCED
SECONDARY ELECTRON EMISSION
COEFFICIENT (γ
′
)
The schematic for ion-enhanced secondary electron emission is shown in Fig-
ure A.1 [40].
Figure A.1: (Red line) Electric potential deformation due to an ion 0.3 nm
from the cathode. The coordinate system for calculation is shown in the
inset [40].
This derivation of γ
′
is classic and assuming a 0th order approximation.
Generally, a secondary electron emission coefficient is defined as the ratio of
the numbers of electrons ejected per incident particle γ = nemit/nincident. To
mathematically account for γ
′
, the impact of a single ion on the number of
field-emitted electrons must be determined. In vacuum field emission, the
emission current density as a function of the applied field E can be described
by the Fowler-Nordheim equation,
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jfield =
AFNβ
2E2
φτ 2(y)
exp
[
−BFNφ
3/2ν(y)
βE
]
(A.1)
where AFN and BFN are constants and τ
2(y) and ν(y) are functions with
established approximations, E is the modified electric field due to the ap-
proaching ion. For a single ion with a unit positive charge at a distance L
from the surface of the cathode (Fig. A.1), the axisymmetric electric potential
Φ+(x, r) due to the ion alone is given by
Φ+(x, r) =
q
4piε0
[
1√
(L− x)2 + r2 −
1√
(L+ x)2 + r2
]
(A.2)
where q is the unit charge and ε0 is the permittivity of free space. At the
surface of the cathode, where the approximation x  L can be made, the
resulting electric field due to both the applied field EA and the positive ion
is approximated by
E(r) = (βEA) +
q
2piε0
L
(L2 + r2)3/2
(A.3)
where β is the field enhancement factor due to surface irregularities.
Assuming a simplified ion motion, the distance at which an ion is present
at any instant in time t is given by L(t) = L0−vt, where L0 is the distance at
which the ion is created and v is the velocity of the ion, which can be related
to the applied E-field, bEA, where b is the ion mobility. So the electric field
from Eq. A.3 can be modified as
E(r) = (βEA) +
q
2piε0
L0 − bEAt
[(L0 − bEAt)2 + r2]3/2 (A.4)
When inserted into Equation A.1 and integrated over both the entire cath-
ode surface (r = 0 to R) and the time over which the ion interacts with the
field (t = 0 to T ), the total amount of charge that is emitted due to the effect
of a single approaching ion can be determined. When divided by the unit
charge, this leads to the total number of electrons emitted due to the effect
of a single ion approaching, which is, by definition, the emission coefficient.
γ
′
=
1
q
∫ R
0
2pir dr
∫ t
0
dt
AFNβ
2E2
φτ 2(y)
exp
[
−BFNφ
3/2ν(y)
E(r, t)
]
(A.5)
The choices for a number of parameters used in the simulation are compli-
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cated, which is worth discussion here. Firstly, the limit of the time integral
is given by the time covered by the ion from its initial position L0 to the
critical distance Lc when it is neutralized, T = (L0 − Lc)/v, while v = bEA.
Though the initial position of the ion depends on where it is created, in
practice the electric field beyond the integral range is negligible compared to
the applied electric field. Conceptually, the spatial limit of R is the entire
cathode surface but in practice it can be taken to be very small because the
electric field decreases rapidly with r. To be specific, the variation of EA and
γ is within 1% by changing L0 and R up to 200% independently. In order to
have an explicit view of how the ion approaching the cathode comes to affect
the electron emission, the ratio of ion-induced electric field to the applied
electric field is defined as K according to Equation A.4:
K =
[
q
2piε0
L0 − bEAt
[(L0 − bEAt)2 + r2]3/2
]
/EA. (A.6)
Figure A.2 shows K values for an ion traveling from 25 nm to 0.5 nm towards
the cathode. K is significantly larger than unity over the whole integral
range, which indicates the dominant role of ion-induced electric field. Also,
K rises fast as ion approaches the cathode. This explains that, unlike L0
and R, Lc, the closest distance an ion can approach to the cathode is one
sensitive variable in determining γ. The particular Lc value used here is
Figure A.2: The ratio of ion-induced electric field to the applied electric
field–K as a function of ion traveling time.
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adapted from Hagstrum’s work [38], which shows a potential energy diagram
of the Auger neutralization process for the initial state, and the final state
of the system consists of a helium ion and n free electrons in [1,1,1] silicon
(symbol: He+ +ne−Si). The energy diagram shows that a He ion with kinetic
energy 5 eV can fly as close as 0.2 nm from the surface due to the repulsive
force before the transition takes place. Lc, chosen to be 0.5 nm for a neon
atom, is therefore a reasonable estimate. Also during the calculations, it is
noticed that with Lc being increased by 5%, the L and R curves as shown in
Figure 5.1 will have no intersection.
In the time scale, the slow-moving ion travels at an average velocity of 16
m/s obtained by multiplying the calculated applied field EA (∼0.14 V/µm)
and the estimated average Ne ion mobility (1.1 cm2V−1s−1). With the known
ion velocity, it is easy to deduce that an ion travels 24.5 nm in 1.5 ns (Fig-
ure A.2) during which time the ion is considered to be in contact with the
electrons of the solid before it has collided with the surface. The interaction
time is ∼5 orders of magnitude longer compared to the initial state lifetime
of the Auger processes and resonance tunneling processes (τ ∼ 10−14 s) [37],
which facilitates these processes.
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APPENDIX B
DERIVATION OF γN AND γD
B.1 Secondary Electron Emission Coefficient Based on
Auger Neutralization
The electron energy distribution function n(ε) of the semiconductor is given
by the product of the state density, ρ0(ε), and the Fermi-Dirac distribution
function, f(ε), where the latter can be regarded as a step function at zero
degree temperature, that is, f(ε) = 1 for ε < εF and f(ε) = 0 for ε > εF .
As shown in Figure 5.4 (a), electron 1 moves to ground state of a rare gas
atom losing energy of ε1 − (ε0 − Ei) while electron 2 is excited, gaining an
energy equal to ε − ε2 at the same time. Conservation of energy indicates
the excited electron possesses the energy
ε = ε1 + ε2 + Ei − ε0, (B.1)
where n(ε) = ρ0(ε)f(ε).
The energy distribution of the excited electrons by Auger neutralization is
Ni(ε) ∝ ρ(ε)
∫ ∫
n(ε1)n(ε2)δ(ε− ε1 − ε2 + ε0 − Ei)dε1dε2 (B.2)
where δ(x) is the Dirac delta function and ρ(ε) is the state density for the
excited electron and is considered to be proportional to
√
ε− εc for a three
dimensional geometry. The Auger transform T [ ] is defined as shown in
Equation B.3, with the assumption that the matrix element of the transition
is independent of the energies of these electrons:
T =
∫ ∫
n(ε1)n(ε2)d∆,∆ ≡ (ε1 − ε2)/2. (B.3)
The upper and lower limits of the integration are dependent on whether the
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electron is from the conduction band or the valence band. The integration
of the T transform stops when ε1 or ε2 reaches the bottom or the top of the
valence/conduction band. So the bandwidths of both the conduction and
valence bands are important parameters in the calculation. The conduction
band bandwidth is known as the electron affinity, and it is 4.05 eV for silicon.
The valence bandwidth is 16 eV (from Hagstrum). With T defined as in
Eq. B.3, the energy distribution of the excited electrons of Eq. B.2 can be
simplified as
Ni(ε) = ρ(ε)T
[
ε+ ε0 − Ei
2
]
. (B.4)
For an excited electron, it is required that ε > ε0 to escape from the solid.
Assuming the escape probability is Pe(ε), the following expression for the
secondary electron emission coefficient, γN , at a distance s, is obtained:
γN =
∫ UL
LLe
Pe(ε)
√
ε− εcT
[
ε+ ε0 − Ei
2
]
dε/
∫ UL
LL
√
ε− εcT
[
ε+ ε0 − Ei
2
]
dε.
(B.5)
The integration limits denoted by UL, LLe and LL will be discussed later.
Pe(ε) for the electron excited by Auger neutralization is not isotropic. By
taking this into account, Eq. B.6 has been proposed, introducing parameters
α and β, to be:
Pe(ε) = 1/2[1− (ε0/ε)β]α, ε > ε0. (B.6)
Hagstrum determined α = 0.248, and β = 1.0 by adjusting to correspond
with the experimental results of He+/Ge. These values are also used through-
out the calculation for Ne+/Si. Since a transition occurs when an ion travels
a long way to the solid surface, the desired γN must be an average of γN over
s. In practice, however, it is known from experiments that transitions occur
collectively at a certain distance s = sm. Therefore, substituting the free
space ionization energy of Ne, Ei as effective ionization energy at s = sm, we
can obtain a good approximation of γN .
To determine the integration limits of γN for the three different scenarios:
V1V2, C1C2 and C1V2(V1C2), Eq. B.1, the excited electron energy is revisited.
(1) V1V2:
The lower limit for the ejection electrons is that both electrons are from
the bottom of valence band, ε1 +ε2 = 0, thus LLe = Ei−ε0 or ε0 if Ei−ε0 <
ε0; The lower limit for the tunneling electrons is also when ε1 + ε2 = 0;
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therefore, LL = Ei − ε0 or εc if Ei − ε0 < εc because electrons are forbidden
in the bandgap. The upper limit for the ejection electrons and the tunneling
electrons is when both electrons are at the top of the valence band, ε1 + ε2 =
2εv; therefore UL = Ei − 2ξ + ε0.
(2) C1C2:
The lower limit for the ejection electrons is that both electrons are from the
bottom of the conduction band, ε1 + ε2 = 2εc; thus LLe = Ei− 2χ+ ε0 or ε0
if Ei−2χ+ ε0 < ε0. However, Ei−2χ+ ε0 > ε0 is always satisfied for Si/Ne,
so LLe = Ei − 2χ + ε0; The lower limit for the tunneling electrons is also
when ε1 + ε2 = 0; therefore, LL = LLe and Ei − ε0 > εc is always satisfied.
The upper limit for the ejection electrons and the tunneling electrons is when
both electrons 1 and 2 are at the top of the conduction band but still bonded
to the solid state atom. So the upper limit for this condition is infinitely
close to ε1 + ε2 = 2ε0, resulting in UL = Ei + ε0.
(3) C1V2 and V1C2:
A similar upper and lower limit examination for this condition can be ex-
ecuted accordingly. In Motoyama’s work, treating the defect state electron
as electron 1 or electron 2 gives a different value for γN , which indicates
C1V2 and V1C2 cases should be distinguishable. However, according to the
derivation, no such difference is shown in terms of the mathematical presen-
tation of γN . Correspondence with the author regarding this issue clarified
the confusion. The author agreed that C1V2 and V1C2 should be considered
indistinguishable.
Table B.1 gives a summary of the equations and the upper/lower limits of
integration for the aforementioned cases.
Table B.1: Upper and lower limits of integration for γN .
γN =
∫ UL
LLe
Pe(ε)
√
ε− εcT [ ε+ε0−Ei2 ]dε/
∫ UL
LL
√
ε− εcT [ ε+ε0−Ei2 ]dε
UL LLe LL
V1V2 Ei − 2ξ + ε0 max{Ei − ε0, ε0} max{Ei − ε0, εc}
C1C2 Ei + ε0 max{Ei − 2χ+ ε0, ε0} Ei − 2χ+ ε0
V1C2(C1V2) Ei + εv Ei + εc − ε0 Ei + εc − ε0
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B.2 Secondary Electron Emission Coefficient Based on
Auger Deexcitation
When an ion approaches a solid surface and resonance neutralization occurs,
the ion becomes an excited atom. After this process, unless resonance ion-
ization occurs with the condition Ei − Em < χ for a smaller distance s, the
excited atom is considered to return to the ground state by Auger deexcita-
tion. Accordingly, as a component of the secondary electron emission yield
by an ion, we have to consider γD as well as the aforementioned γN . Similar
to the procedure for obtaining γN , the excited electron energy is ε = ε2 +Em,
and the energy distribution N(ε) of the excited electron is given by
N(ε) ∝ ρ(ε) ∫ n(ε2)δ(ε2 + Em − ε)dε2
= ρ0(ε)n(− Em).
In Auger deexcitation, too, by adopting the same escape probability as in
Auger neutralization and excitation energy Em at s = sm, γ
D is obtained as
follows:
γD =
∫ UL
LLe
Pe(ε)
√
ε− εcn(ε− Em)dε/
∫ UL
LL
√
ε− εcn(ε− Em)dε. (B.7)
Auger deexcitation can be divided into two cases, depending on whether
the electron is from the conduction band or the valence band. Similar to the
Auger neutralization, the integration limits are shown in Table B.2.
Table B.2: Upper and lower limits of integration for γD.
γD UL LLe LL
V Em + εv max{Em, ε0} max{Em, εc}
C Em + ε0 max{Em + εc, ε0} Em + εc
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